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Summary
Part of this dissertation involves electrochemical syntheses and characteriza-
tion of bithiophenes with di®erent substituents in a special electrolytic medium:
BF3¢OEt2. Generally, monomers can be polymerized under lower oxidation poten-
tial and the resulting polymers show a superior electrochemical and optical prop-
erties in comparison to experiments carried out in conventional Bu4NBF4=CH3CN.
Nevertheless, some exceptions have been found due to unfavorable electronic e®ect
incurred by an interaction between BF3¢OEt2 and monomers. Electrochemistry
and UV-vis-NIR spectroscopy are the main techniques used in this study. XPS
is also used to investigate dopant species and their interaction with polymer
backbone.
Self-assembly of thienyl thiol compounds on gold polycrystalline electrode has
been studied. A well-de¯ned monolayer has been obtained by a simple dip-coating
technique. Depending on di®erent oxidation potential arisen from substituents
in bithiophene monomers, the monolayer with bithiophene units could or could
not take part in the ensuing polymerization of bithiophenes in forming radical
xxv
cation for coupling with monomers di®used from the solution to occur. For those
having monomer oxidation potential higher than or close to that of bithiophene,
the monolayer could act as a linker to a®ord the chemical bond between polymer
and electrode surface. For those have monomer oxidation potential much lower
than that of bithiophene, the monolayer does not show distinguished e®ect in
comparison to the polymerization proceeded on the electrode without this mono-
layer. Electrochemistry and surface characterization (microscopies and XPS) are
mostly used tools for this study.
To incorporate another family of materials (metal nanoparticles) into conducting
polymers, the studies have been carried out ¯rstly in the syntheses and character-
ization of gold nanoparticles with a series of thienyl thiols compounds, namely , 5-
mercapto-2,2'-bithiophene, 3-mercapto-2, 2'-bithiophene, dithieno [3,2-c: 2',3'-e]
[1,2] dithiin, 3-hexyl-3'-mercapto-2,2'-bithiophene and 3-bromo-3'-octylthio-2,2'-
bithiophene. The thienyl thiols stabilized gold nanoparticles were synthesized
following Brust method in a two-phase system reduced by sodium borohydride.
Optimum metal and surfactants feeding ratio was adjusted to 1:1. The resulting
nanoparticles were monodispersed with a size dimension of 2-3 nm. Due to the
rigidity and ¼-conjugation of thienyl thiols molecules introduced, the metal core
displays a quantized double layer charging feature, which is of great interest in
both fundamental research and potential application as a nano transistor. Dif-
ferent solvents show in°uence in the quantized double layer capacitance of gold
core. The techniques employed were mainly electrochemical analysis, TEM and
XPS.
xxvi
Electrochemical polymerization of bithiophenes were carried out on gold nanopar-
ticle modi¯ed ITO glass electrode through self-assembly technique. Surface bonded
Au nanoparticles functions as microelectrodes and the resulting polymer show im-
proved electrochemical and optical properties. Another approach to incorporate
gold nanoparticles to the conducting polymer is to dissolve gold nanoparticles as
co-existing species in the electrolytic solution, through which the nanoparticles
function as nanoelectrodes in the solution for the polymer to deposit onto them.
XPS study shows that gold nanoparticles have been incorporated into polymer
matrix. As a result, the environmental stability of the polymer in conductive
state has been signi¯cantly improved. Electrochemistry, optical spectroscopy,
XPS and microscopies are utilized for these studies.
This study of conducting polymers / metal clusters hybrids may provide fundamental




1.1 Introduction to Conducting Polymers
Inherently conducting polymers (ICPs), which possess highly delocalized ¼-electron
systems, combined with chemical and mechanical attributes of polymers, have
been intensively studied in view of their multiple potential technological applica-
tions extending from bulk utilizations such as antistatic coatings to sophisticated
molecular devices such as organic electronic components or selective modi¯ed
electrodes and sensors.
The modern era of ICPs began at the end of the 1970s when Heeger and MacDi-
armid discovered that polyacetylene, ((CH)x), synthesized by Shirakawa's method
[1], could undergo a 12 order of magnitude increase of conductivity upon charge-
transfer oxidative doping. The charge-transfer oxidation reaction that trans-
formed pristine polyacetylene to its conducting form was then called \doping"
by analogy to the related process in conventional semiconductors. The extended
2¼-electron system over the recurring acetylene units gave rise to a quasi-one-
dimensional material in which the conductivity is expected to be the highest
along the polymeric chain direction [2].
An important step in the development of conjugated poly(heterocycles) occurred
in 1979 when it was shown that highly conducting and homogeneous free standing
¯lms of poly(polypyrrole) could be produced by oxidative electropolymerization
of pyrrole [3]. The electrochemical polymerization has been rapidly extended to
other aromatic compounds such as thiophene [4], aniline [5, 6], phenylene [7],
furan, indole [4], carbazole, azulene [8], pyrene [9] and °uorene [10].
Among these numerous ICPs, poly(thiophene) (PT) has rapidly become the sub-
ject of considerable interest. From a theoretical viewpoint, PT has often been
considered as a model for the study of charge transport in ICPs with a nondegen-
erate grounds state, while on the other hand, the high environmental stability of
both its doped and undoped states together with its structural versatility have led
to multiple developments aimed at applications such as batteries [11], Schottkky
barrier diodes [12] and liquid crystal display devices [13].
1.2 Conduction Mechanism
Many di®erent conduction mechanisms have been proposed, which included ionic
conduction, band-type conduction [14], charge hoping conduction, excitonic con-
duction, quantum mechanical tunneling between metallic domains and theories
based on conformational structures and conformational defects such as soliton,
3polaron and bipolaron introduced during doping process[15].
1.2.1 Band Theory
The simplest conduction mechanisms might be the band theory which explains
the electronic structure of materials (Figure 1.1) [14]. The highest occupied
bands are the valence band (VB) and the lowest unoccupied bands are the con-
duction band (CB). The energy spacing between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is known
as bandgap energy (Eg). As shown in Figure 1.1, for metals, the VB and CB
are overlapped and the intrinsic conductivity is attributed to the nonexistence
of bandgap. For semiconductors, the narrow bandgap energy enables electrons
be promoted to the CB by thermal excitation at room temperature and the ma-
terials become conductive. When the energy separation is too large for thermal










Figure 1.1: Illustration of energy band structures of materials. VB: valence
band, CB: conduction band.
41.2.2 Polaron and Bipolaron Model
The conventional doping process in semiconductor generates intermediate en-
ergy levels within the bandgap and these mid-gap states exist as either hole for
p-doping or electron for n-doping. Hole or electron attributes to the electrical
conductivity of semiconductors as charge carriers. Conducting polymer is known
as organic semiconductor, whose bandgap is usually above 1.5 eV and the intrin-
sic conductivity is low. Doping (oxidation or reduction in chemistry terms) is
necessary to produce higher conductivity.
The concepts of polaron and bipolaron are from solid-state physics. From chem-
istry point of view, a polaron is a radical cation that stabilized itself by polarizing
the medium at its proximity. Each polaron has a spin of 1/2. A bipolaron is a
dication arising from the combination of two polarons. Bipolaron has zero spin.
The polaron-bipolaron model has been widely applied to conjugated polyhetero-
cyclic material.
Both polaron and bipolaron can delocalize via the rearrangement of single and
double bonds in the polymeric chain [14, 16]. For polythiophenes, the polaron
is generated by removing one electron from the polymer chain to form a rad-
ical cation (Figure 1.2). The partial delocalization of polaron across several
monomeric units leads to structural distortion in the polymer. The distortion
is caused by the existence of two non-degenerate ground states, namely aromatic
and quinoid. As illustrated in Figure 1.3, the aromatic form and the quinoid form
of thiophene are not equivalent in energy, the quinoidal form has higher energy
5than the aromatic form [17, 18]. Quantum chemical calculation supports the for-
mation of polarons with quinoid-like structure, upon removal of an electron, over















Figure 1.2: Polaron and bipolaron structures of polythiophene.
S S
Aromatic Quinoid
Figure 1.3: Aromatic and quinoid structures of thiophene.
Subsequent removal of electrons generates more polarons. When the numbers
of polarons increase to a certain extent, two nearby polarons tend to combine
and form a bipolaron as shown in Figure 1.2. Theoretical studies have shown
that the formation of bipolaron via combination of polarons is energetically more
favorable [16, 22, 23]. A bipolaron usually occurs between one to six carbons.
6The two positive charges of a bipolaron are not independent but act as a pair.
When numerous bipolarons are generated at higher doping level, the overlapping
of these closely spaced energy level gives rise to bipolaron energy bands.
As shown in Figure 1.4, the presence of polaron or bipolaron gives rise to the
mid-gap energy levels, through which the electron could be promoted from VB
to CB. Both polarons and bipolarons are widely accepted as the dominant charge













Figure 1.4: Formation of mid-gap states of polaron or bipolaron upon p-
doping.
1.2.3 Conductivity of Conducting Polymers
The term \doping" in semiconductor is an analogy to the \redox reaction" in
chemistry. Similarly, the doping processes of ICPs can be p-type or n-type, which
are equivalent to oxidation and reduction reaction respectively. Charged species
thus generated are neutralized and stabilized by counter ions (or known as dopants
7in semiconductor). The doping process is generally ful¯lled by either applying
electrical ¯eld such as electrochemical method or using chemical oxidative reagent
such as FeCl3. The occurrence of doping is governed by the electrochemical
reactivity and the mass transport e±ciency of the polymer-dopant system. The
former factor is dominant in determining ease of doping and stability of doped
state. The di®erent type of dopants could a®ect the number of charge carriers
and the mobility of them as well. The transport of charge carries involves intra-
chain transport [18], inter-chain transport [14] and transport across conducting
domains [24, 25].
Similar to semiconductors, the conductivity mechanism of conjugated polymers
can be expressed in the following equation:
¾ = n ¢ e ¢ ¹ (1.1)
Where ¾ is the conductivity, e is the electron charge, n is the number of charge
carriers and ¹ is the mobility of charge carrier [26].
The equation shows that two main parameters governing conductivity are number
of charge carriers and mobility of charge carriers.
1.3 Chemistry of Polythiophenes
Polythiophene and its derivatives are often considered as a model system for the
studies of conducting polymers with non-degenerate ground states [27, 28, 29, 30,
31, 32, 33].
81.3.1 Functionalization of Polythiophenes
In addition to their good environmental stability and original electronic structure
with moderate bandgap, structural versatility of thiophene-based polymers has
drawn continuous interest in the research of conducting polymers. During the past
two decades, increasing e®orts have been devoted to thiophene-based polymers
which have been the most widely studied model for the design of small bandgap
polymers [29].
Functionalization of polythiophene cannot only remedy its intractability and in-
solubility which limit its industry application, but also provide the most e®ective
strategies to control the bandgap for di®erent application.
The derivatization of thiophenes includes:
(i) Functionalization with pendant groups (alkyl [34, 35, 36, 37], alkoxy [38, 39,
40, 41], aryl [42, 43, 44] and other functional groups [45, 46, 47, 48, 39]) on the 3
















Figure 1.5: Structures of 3 or 4 position functionalized oligothiophenes.




Figure 1.6: Structures of thiophenes with conjugated spacer.









Figure 1.7: Structures of thiophenes with fused ring functionalization.
(iv) Functionalization with symmetrical disubstitution on bithiophenes. Re-
gioregular polythiophenes can be successfully obtained by application of this ap-
proach. Studies have been reported in the 4, 4'-dialkyl-2,2'-bithiophenes (Figure
1.8a) [58, 59, 60, 61], 4, 4'-dialkoy-2,2'-bithiophenes (Figure 1.8b) [59, 62, 63],
3, 3'-dialkyl-2,2'-bithiophenes (Figure 1.8c) [58], 3, 3'-dialkoy-2,2'-bithiophenes
(Figure 1.8a) [58, 59, 64, 65], 3',4'-dialkyl-2,2':5',2"-terthiophene (Figure 1.8e)
[66], 3,3"-dialkyl-2,2':5',2"-terthiophene (Figure 1.8f) [67], 3,3"-dialkoy-2,2':5',2"-








































Figure 1.8: Structure of symmetrically disubstituted oligothiophene.
1.3.2 Chemical Syntheses of Polythiophenes
Chemical oxidation with FeCl3 [69] and organometallic polycondensation with
Grignard [37, 70]or Rieke reagent [37, 71] are the most commonly used chemical
method in preparing polythiophenes. However chemical approaches have their
limitation in: i) it is di±cult to control the polymer growth and ii) there is
always trace amounts of metal impurities left in the polymers.
1.3.3 Electrochemical Syntheses of Polythiophenes
Besides chemical approaches, electrochemical polymerization has also been ex-
tensively used in preparing polythiophenes. Although electrochemical method is
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not suitable for large scale synthesis, it provides a more precise control of polymer
growth and level of doping. Moreover, the ¯nal product can be obtained in the
¯lm state, which is a reprequisite for device fabrication. Electrochemical poly-
merization can be either anodic or cathodic route which is equivalent to oxidation
or reduction coupling reaction respectively. Cathodic route is not commonly used
since the increase of resistance incurred by polymer deposition hinders polymer-
ization to proceed [29]. Anodic route is generally applied in the preparation of
conducting polymers and it makes the in-situ characterization by electrochemical
or spectroscopic techniques easier.
Most accepted mechanism of electrochemical polymerization by anodic coupling
[72] is shown in Figure 1.9. It is analogous to the well established coupling
mechanism of aromatic compounds [73]. Monomer is ¯rstly oxidized to form rad-
ical cation. The increase of radical cation concentration enables coupling of two
radical cations to produce a dihydrodimer dications. After losing two protons
and re-aromatization, the dication transforms to a bithiophene, with is even eas-
ier to be oxidized and undergo further coupling with monomeric radical cation.
Electrochemical polymerization proceeds through successive electrochemical and
chemical steps until the oligomers become insoluble and deposit onto the electrode
surface. The electrochemical stoichiometry is in the range of 2.1 - 2.5 F mol¡1
[29, 74]. 2 F mol¡1 is required by oxidation of monomer and 0.1 - 0.5 F mol¡1 is for
the reversible oxidation of polymer thus generated. Another mechanism has been
proposed, which involves a radical cation attack on neutral monomer [75, 76].
The same mechanism has also been applied to FeCl3 oxidative polymerization of
12
thiophenes [69].
S S+ H S
+
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Figure 1.9: Reaction mechanism of anodic polymerization of thiophene.
1.3.4 Factors in Electrochemical Polymerization
Electrochemical media have the determining role in polymerization of PT. Gen-
erally the experiments have been carried out in anhydrous aprotic solvents of
high dielectric constant and low nucleophilicity. Acetonitrile [77, 78], benzoni-
trile [79], nitrobenzene [80] and propylene carbonate [81, 82] are the most com-
monly used solvents. E®ects of trace of water present have also been investigated
[83]. For anodic coupling, anions have an important role in polymer growth and
properties since they are incorporated into the polymer matrix as counter ion.
Electrolytes are usually lithium or tetralkylammoinum salt with ClO4¡, BF4¡,
PF6¡ anions. Nevertheless mechanical property of PT has been reported to be
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comparable to that of aluminum by application of a special electrolyte BF3¢OEt2
[84]. Electrochemical properties of polymer prepared from di®erent electrolyte
will be discussed in more details later in this chapter.
The electrochemical techniques used have also shown the e®ect in the quality
and properties of polymer ¯lms. All of chronopotentiometry (CE), chronoam-
perometry (CA) and cyclic voltammetry (CV) can be applied to synthesize PTs.
Reaction condition could be optimized based on di®erent monomers. In general,
CE approach is the simplest and polymer ¯lm with high quality could be obtained
[83]. Making use of lower current density always results in more compact ¯lm
with improved properties [85].
Also, the factor of temperature in electrochemical polymerization has been re-
ported [83, 86].
1.4 Properties of Polythiophenes
1.4.1 Electrochemical Properties of Polythiophenes
Polythiophenes must be \doped" to be conductive. The properties of doped
PT (conductive state) are dependent on the type of dopant and doping method.
Electrochemistry is frequently used in doping studies of PT.
The electrochemical behavior of PT and its derivatives depend on many variables
such as the ¯lm thickness, nature of the substrate electrode, solvents used and
the nature of anion and cation in the electrolytic media. Anion a®ects primar-
ily the electrodeposition process and the polymer structure, while cation a®ects
14
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Figure 1.10: CV of p-dope of PBRHEBT in 0.1 M monomer free (A)
Bu4NBF4/CH3CN and (B) BF3¢OEt2, scan rate: 50 mV s¡1.
Figure 1.10 shows electrochemical response of 3-bromo-3'-hexyl-2,2'-bithiophene
(BRHEBT) in our work. Polymers of BRHEBT (PBRHEBT) were prepared
using di®erent electrolytic media: Bu4NBF4/CH3CN (Figure 1.10A) or BF3¢OEt2
(Figure 1.10B), and CVs were carried out in the respective media. Redox pairs
represent the p-doping-dedoping process of polymers. In Figure 1.10A, an anodic
15
peak at 1.13 V is assigned to the p-doping of polymer and a cathodic peak at
less positive position of 1.01 V is corresponding to the p-dedoping process. Onset
of peak indicates the beginning of oxidation. The anodic peak at 1.13 V is
the indication of the highest degree of the P-doping. The oxidation-reduction
peak separation (¢E) represents electrochemical reversibility, which is mainly
governed by charge transportation in the polymer ¯lm. Area of the oxidation
peak or reduction peak is the sum of Faradaic charge involving redox reaction
and non-Faradaic charge induced by charging behavior of electric double layer.
The ratio of charge involving the oxidation to that involving reduction indicates
chemical reversibility of polymers. Ideally, this ratio should be 1 if the polymer
is totally reversible between oxidative state and neutral state.
The p-doping behavior of PTs depend on monomer functionalization, prepara-
tion method, polymer ¯lm quality, electrolytic solvent and electrolyte. In com-
parison to the polymer oxidation potential at 1.05 V for PBT, that at 1.13 V
for PBRHEBT is slightly higher. The introduction of pedant groups (Br and
hexyl) would distort the molecular planarity, which result in the disruption of
conjugation system. And the electronegative nature of bromo group could also
impart the di±culty in the oxidation of polymer backbone. Those negative e®ects
override the favorable electronic e®ect by alkyl group, resulting in a total increase
of polymer oxidation potential.
Comparing two CVs of PBRHEBT in di®erent electrolytic media, the oxida-
tion potential of that in Bu4NBF4/CH3CN depicts a 0.40 V higher than that in
BF3¢OEt2. Polymer is more facile to be p-doped in BF3¢OEt2 than in Bu4NBF4/CH3CN.
16
A detailed electrochemical study of polybithiophenes with di®erent pedant groups
in these two electrochemical media will be investigated in Chapters 2 and 3.
Table 1.1 gives several typical examples of p-doping studies of polythiophenes
with di®erent dopant species.
n-Doping of PT has also been observed [97]. In general, the n-doping shows
poor stability of the polymer at extreme negative potential, diminishing doping
level, lower doping e±ciency, longer activation phase and accentuated kinetic
limitations [97].
1.4.2 Spectroscopic Properties of Polythiophenes - UV-
vis-NIR Spectroscopy
UV-vis-NIR spectroscopy is a useful technique for characterizing the conjugation
system of polythiophenes. The extent of conjugation is indicated by the energy
of ¼ - ¼¤ transition during electronic excitation. Also, the ¼ - ¼¤ transition peaks
enable quantitative determination of HOMO-LUMO energy gap or the bandgap
energy (Eg) of the polymers. The adsorption coe±cient (®) and photon energy
are related by the following equation [98, 99]:
(®hº)2=n = B(hº ¡ Eg) (1.2)
In which ® is the absorption coe±cient, hº is the photon energy in eV, n is a
parameter that takes value from 1 for direct and 4 for indirect transition, B is a
constant and Eg is the bandgap energy in eV. As the electronic transition in the
dedoped state is a direct transition, therefore n = 1 ) (®hº)2 = B(hº ¡ Eg)
When (®hº)2 = 0; Eg = hº: (1.3)
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Table 1.1: P-doping of polythiophenes ¯lms prepared on platinum foil.
Polymer Solvent Dopant Scan rate Eon Ref.
(mV s¡1) (V vs SCE)
PBT CH3CN Bu4NClO4 100 0.97 85
PBT CH3CN Bu4NPF6 100 1.00 85
P3MET CH3CN LiClO4 50 0.60 86
P3HET CH3CN LiClO4 20 0.80 87
P3OCT CH3CN Bu4NBF4 10 0.70, 0.90 88
P3MEOT CH3CN LiClO4 10 -0.20 (ITO) 89
PDMEBT (3,3') CH3CN Bu4NPF6 100 0.43, 0.73 85
P3DOBT CH3CN Bu4NBF4 20 0.45, 0.65 90
PDBUOBT (3,3') CH3CN Bu4NPF6 100 0.07 91
PDBUOBT (3,3') CH3CN Bu4NPF6 20 0.00, 1.00 90
PDBUOBT (4,4') CH3CN Bu4NPF6 100 0.05 92
PDDEBT (4,4') CH3CN Bu4NPF6 100 1.12 87
PDHEBT (4,4') CH3CN LiClO4 20 0.80 90
PBUODEBT (4,4') CH3CN Bu4NPF6 100 0.05 90
PBUODEBT (3,3') CH3CN Bu4NPF6 100 0.41 91
PPEOOCBT (4,3') CH3CN Bu4NClO4 100 0.03, 0.37 93
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This method could be used to determine Eg of polymers derived from the elec-
tronic spectroscopy. The substituents have shown a great in°uence on the elec-
tronic structures of the polymers. Generally, the optical absorption of less con-
jugated system would blue-shift and that of higher conjugated red-shift.
1.4.3 Chemical Environment of Elements - X-ray Photo-
electron Spectroscopy
The early use of XPS in studying conducting polymers deals with the nature of
inorganic dopant species. Identi¯cation of the counter-anions actually present in
the polymer is di±cult to analyze by classical methods. XPS is capable of analyz-
ing solid sample and is particularly sensitive to °uorine and chlorine. Therefore, it




6 doped conducting polypyrrole
[100, 101, 102] and polythiophenes [103, 104, 105, 106, 107, 108].
Systematic XPS investigation has been performed on PT doped with ClO¡4 , PF
¡
6 .
Both anions were found to be incorporated into PBT ¯lms without undergoing a
substantial chemical change [100, 104]. The as grown, full-doped P3MET - PF¡6
(electrochemically polymerized in CH3CN) had the P/F atomic ratio consistent
with the presence of the PF¡6 species [104]. It was found that the anions are
progressively removed from the polymer, moreover, they undergo chemical de-
composition when reducing potential applied. In addition, by XPS, the doping
level of PT can be estimated. In chapter 3, the studies on dopant species of BF3
and BF¡4 in polybithiophenes were carried out by the means of XPS. Due to the
low sensitivity of boron element and the high sensitivity of °uorine, the quanti-
tative calculation may not be accurate. However, valuable information could be
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still derived from the chemical environment of the elements.
1.5 Self-assembly of Polythiophenes
Spontaneously absorbed organic monolayer ¯lms have received tremendous atten-
tion in recent years arising from their well-organized and stable structure, con-
ceptual simplicity, ease of preparation and portability [109, 110, 111, 112, 113]. In
particular, those monolayer systems are anticipated to be promising candidates
in the ¯eld of chemical sensing application [114], nonlinear optical materials [115],
and memory processing devices [116]. These ultrathin ¯lms also provide an ex-
cellent model for fundamental research involving electron transfer kinetics [117],
surface adhesion and wetting [110, 118, 119, 120] as well as in nano-fabrication
processes [121, 122].
Conducting polythiophene monolayers can be conveniently prepared by self-assembly
in polymer solution [123]. The monolayer is highly organized and oriented prefer-
entially with hydrocarbon tails perpendicular to the surface normal. Thiophene
monomers can also be absorbed onto Au(111) just by immersing an gold sub-
strate in an ethanolic solution of thiophene. This self-assembly monolayer can
be removed by photooxidation in air and rinsing with ethanol [124]. The self-
assembly properties in sexithiophene is created by the chemical bonding of alkyl
group on its end positions (®; !-dihexylsexithiophene) [125]. This method al-
lows for the control on mesoscopic organization of molecules by the increment
of their stacking properties, and hence to obtain highly ordered ¯lms and im-
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prove the charge transport. The Langmuir-Blodgett ¯lms comprising head-tail
poly(3-hexylthiophene) have been fabricated [126]. The ultra thin ¯lm exhibits
well-de¯ned layered structures and high conductivity. Multilayered structures of
poly(3-decylmethoxythiophene) [127] were prepared and the polymeric backbone
in the Langmuir-Blodgett structures was oriented in the dipping direction and a
higher degree of conjugation has been obtained. Atomic force microscopy (AFM)
of polythiophene Langmuir-Blodgett ¯lms showed that a ¯ve layer ¯lm had re-
arranged into a network whose individual cells were typically 100 nm across [128].
These materials tend to reorganize into a ¯brous structure on the nanometer scale.
In order to form durable polymer ¯lms with good uniformity and adhesion on
suitable surface, polymers containing thiol [129], thioether [130] and sul¯de [131]
groups have been chemically fabricated on gold surface by spontaneous self-
assembly from their organic solvent. Polymerization of these monolayers of
monomers produced ultrathin polymer ¯lms on gold. Also, chemically bonded
thin ¯lms of pre-generated head-tail regioregular copolymer of poly(3-octylthiophene)
and poly(3-(12-hydroxydodecyl)thiophene) (in 9:1 molar feeding ratio) were pro-
duced by simple treatment of activated glass surface with the polymer solutions.
The resulted chemisorbed thin ¯lms of polythiophene on glass surface are resisted
to dissolution even in boiling solvents [132].
Chapter 4 and 5 study the self-assembly of thienylthiolate compounds on gold
polycrystalline surface and gold microelectrodes (obtained from self-assembly of
gold aqueous nanoparticles on ITO glass electrode) respectively and their baring
in ensuing polymerization of bithiophene with various pedant groups.
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1.6 A Bridge: Conducting Polymers and Metal
Nanoparticles
One advantage of polymer-based devices is that ¯lms can be obtained with com-
mon solvents on various substrates. Another class of materials, alkanethiols-
stabilized metal nanoparticles, display electronic, optical and structural features
that are tunable via particle size [133]. Hybrid systems comprising of these
materials reveal several interesting features. Recent reports on blends of gold
nanoparticles and conducting oligomers demonstrate concepts such as construc-
tion of mesoscopic oligomer bridges between metal nanoparticles [134]. Gold
nanoparticles have surface reactivity amenable to immobilization at chemically
functionalized surfaces and can bind to positively charged polymers via electro-
static interaction [135], or can bind covalently to amine, thiol and phosphine
functional groups [136]. The electronic structure of the polymer chains is also
expected to be strongly perturbed in an environment consisting of these metal
nanoparticles [137].
In this dissertation, the hybrid of polybithiophenes and gold nanoparticles were
studied. The ¯rst approach is by the electrochemically polymerization of bithio-
phenes on the self-assembled gold nanoparticles on silanized ITO glass electrode.
The second approach is to incorporate gold nanoparticle into polymer matrix as
co-existing species in the solution through electrochemical method. The details
will be given in chapter 8.
Also, studies were carried out in the syntheses and characterization of gold
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nanoparticle stabilized with thienyl thiols compounds and the feature of their
double layer charging behavior, which will be discussed in chapter 6 and chapter 7.
The second part of this chapter will be focused on gold nanoparticles.
1.7 An Introduction to Metal Nanoparticle
1.7.1 Historic Perspective of Gold Nanoparticles
The classical age of metal nanoparticles science began with the experiments
of Michael Faraday on gold sols in the mid-nineteenth century [138]. Faraday
demonstrated the formation of deep red solutions of colloidal gold by the reduc-
tion of chloroaurate [AuCl4]
¡ solutions using phosphorus as the reducing agent.
The recent reproduction of those preparations by J. M. Thomas has demonstrated
that the gold sols thus produced contain particles of 3 - 30 nm in diameter [139].
The current burst of activity in studies of chemical and physical properties of
highly dispersed transition metal nanoparticles in the nanometer size range has
become a matter of great fundamental and practical interest. From the funda-
mental perspective, the transition from bulk properties through the intermediate
quantum size e®ect domain to the properties of molecular clusters has attracted
great research interests. Physicists have predicted that particles with diameters
in the range 1 - 10 nm will display electronic properties which re°ect the incip-
ient electronic band structure of the particles [140]. In addition, shape as well
as size can play a determining role in the electronic properties of small parti-
cles [141]. From a more practical perspective, the surface chemical and physical
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characteristics which derive from the potentially unique electronic properties of
clusters falling in the bulk to molecular transition range are of great potential for
both new technological applications of advanced materials [142] and more mature
applications like catalysis [143].
1.7.2 Band Structure of Noble Metal Nanoparticles
Metal nanoparticles are in the gray domain between the molecular and bulk state.
This is the region characterized by properties tunable by minor variation in par-
ticle size, shape and size distribution. The band structures are schematically
shown in Figure 1.11 as their simplest forms. An extended bulk state metal
presents a band structure in which an in¯nite number of bonding and antibond-
ing molecular orbitals contribute to the valence and conduction band (VB and
CB) respectively. No energy separation presents between VB and CB, therefore,
electrons are promoted to the CB merely by thermal energy kT . At the opposite
extreme, a molecular clusters, a discrete number of molecular orbitals consist
both bonding and antibonding levels resulting in a discrete energy separation
between HOMO-LUMO (À kT ) and ¯nite energy gaps between adjacent levels
which may or may not greater than kT .
The Fermi energy level (Ef ) lies in the middle of bulk state metal while between
two bands of mid-sized clusters, which indicates a semiconductor or insulator like
electronic properties of metal clusters. In respect to the true semiconductor ma-
terials, the energy of promoting an electron across the intrinsic band gap around












Figure 1.11: Illustration of energy band structure transition between bulk
metal and molecular clusters.
for nanoelectronics is the energy required to charge a nanoparticle by one electron
Ec. For an extended metal Ec = 0, but electron are subject to considerable con-
¯nement in a nanoparticle leading to strong Coulombic repulsion. When Ec À
kT , single electron transfer (SET) may be observed at room temperature, which
demand particle size ∙ 2 nm [144].
Chapter 7 features more details of SET events in thienythiolate stabilized gold
nanoparticle. The remainder of this section is concerned with the preparative,
structural and characterization issues of gold nanoparticles.
1.7.3 Stabilization Methods of Metal Nanoparticles
Small metal particles are thermodynamically unstable with respect to the bulk
state metal, with aggregation between neighboring metal cores allowing the col-
lective ensemble to reduce surface area [145].
In the classical gold colloid prepared, for example, by the reduction of [AuCl4]
¡
with sodium citrate, the colloidal gold particles are surrounded by an dielectrical
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double layer arising from adsorbed citrate and chloride ions and cations which are
attracted to them, which is shown schematically in Figure 1.12. This results in
a Coulombic repulsion to prevent two neighboring particles from agglomeration.
Even in organic media of relatively nonpolar liquids, the possibility that electro-
static stabilization occurs cannot be excluded. For example, the acquisition of
charged gold particles in organic liquids has been demonstrated, and the sign and
magnitude of the charge was found to vary as a function of the donor properties





















































Figure 1.12: Electrostatic stabilization of metal colloid particles.
A second means by which colloidal particles can be prevented from aggregat-
ing is by the adsorption of large molecules, such as surfactants and polymers,
at the surfaces of the particles, thus providing a protective layer. Usually, the
ligands terminate by a functional group with a±nity for the metal of the core.
Particularly well-studied are alkanethiolate and arylphosphine ligands. Figure
1.13 has shown schematically the way in which large adsorbed molecules prevent
aggregation of metal particles.
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Figure 1.13: Steric stabilization of metal colloid particles by polymers or
surfactant molecules.
1.8 Preparative Methods of Metal Nanoparticles
1.8.1 Solution Phase Salt Reduction
The majority of chemical preparations of metal nanoparticles involve solution
phase reduction of metal-containing salt in the form of M+X¡. The reaction
process can be summarized in Equation 1.4 - 1.6. In the ¯rst step, the reduction of
metal salt produces the metallic metal atoms (Equation 1.4). This highly reactive
metals then aggregate with each other to produce clusters or nuclei (Equation
1.5). Growth to nanoparticles continues by further addition of atomic metals.
As the particle grows, it becomes more thermodynamically viable until a point
is reached at which the nucleophilic ligands, L, provide enough interaction with
the metal core to halt the growth process (Equation 1.6). Without the protection
provided by these ligand molecules the reaction would continue until the particles
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become too large to remain in the solution [147].
nM+ + ne¡ ! nM0 (1.4)
nM0 ! Mn (1.5)
Mn +mL !MnLm (1.6)
Many di®erent salts are used as precursors for metal nanoparticles. In the case
of gold nanoparticle, the starting material is almost always AuCl¡4 ¢ xH2O [148,
149, 150].
Historically, most gold nanoparticles have involved only aqueous soluble products.
Faraday's synthesis described above has given way to the almost 100% aqueous
method of reducing HAuCl4 by sodium citrate [151], in which particle is stabilized
by surface charge which is supplied by adsorbed hydroxide, citrate and chloride
species. This procedure is well-established and can produce particles across a
wide range of size.
1.8.2 Brust's Method and It's Applications
Although a large variety of preparative techniques of colloidal solutions of metals
is available, the removal of the solvent generally leads to the complete loss of the
ability to reform a colloidal solution. The practical formation of stable, isolable
monolayer-protected clusters has been demonstrated by Brust and co-workers in
organic solvents [148].
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Alkanethiolate protected gold nanoparticles di®er from conventional colloids and
nanoparticles prepared by other routes (micelle [152] and polymer stabilization
[153], gas-phase cluster formation [154], stabilization with small organic ligands
[145, 155]) in that they can be repeatedly isolated from and redissolved in common
organic solvents without irreversible aggregation or decomposition. This attribute
and the air stability of gold nanoparticles allow for handling and derivatization of
nanoparticles in ways familiar to molecular chemists, plus considerable °exibility
in characterization relative to previous nanoparticle embodiments.
In the original Brust reaction for the preparation of toluene-soluble alkanethiolate-
stabilized Au nanoparticles, [AuCl¡4 ] was transferred from aqueous solution to
toluene using tetraoctylammonium bromide as the phase-transfer reagent and
reduced with aqueous sodium borohydride in the presence of dodecanethiol, fol-
lowed by reduction with [BH4]
¡, leads to dodecanethiolate-protected Au clusters
having a 1-3 nm range of core diameters:
AuCl¡4 (aq) + N(C8H17)4
+
(toluene) ! N(C8H17)+4 AuCl¡(toluene) (1.7)
nAuCl¡(toluene) +mC12H25SH(toluene) + 3ne
¡ ! Aun(C12H25SH)m(toluene) (1.8)
The reaction's behavior is consistent with a nucleation-growth-passivation process
as described for the aqueous colloidal gold preparation [147, 156].
Brust's landmark paper led to an explosion of interest in Au nanoparticles. An
early adaptation involves variation of the HAuCl4 to alkanethiol ratio used in the
reaction. This approach allows variance of the particle size between 1.5 and 20
nm [157, 158].
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Subsequent reports have shown that a wide range of alkanethiolate chain lengths
(C3 ¡ C24) [159, 160, 161], arylthiols [162, 163, 164, 165], !-functionalized alka-
nethiolates [166] , and dialkyl disul¯des [167] can be employed in this same pro-
tocol. Figure 1.14 gives some of the examples. Water soluble metal nanoparticles
can be prepared using nonpolar, highly polar ligands in modi¯ed syntheses [159,
168, 169]. Gold nanoparticles stabilized by (°-mercaptopropyl)trimethyloxysilane
ligand has been reported [170]. A brief attempt to use dithiol ligands resulted
in insoluble products, which were found by TEM to be highly crosslinked 3D
networks [171].
Amine-stabilized nanoparticles can also be prepared by Brust method, as reported
by Heath et al. [172], simply by replacement in the reaction of the alkanethiol
with the amine of interest.
It has been reported that sterically bulky ligands tend to produce smaller Au
core sizes (relative to alkanethiolate stabilized gold nanoparticles prepared using
equal thiol/[AuCl4]¡ratios), suggesting a steric e®ect in the dynamics of core
passivation [162, 168, 169].
1.9 Properties and Characterization of Metal
Nanoparticles































Figure 1.14: Examples of thiol ligands used to prepare MPCs: (a)
straight chain alkanethiols; (b) glutanthione; (c) tiopronin; (d) thiolated
poly(tethylene glycol); (e) p-mercaptophenol; (f) aromatic alkanethiol; (g)
phenyl alkanethiols; (h) (°-mercaptopropyl)-trimethoxysilane.
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1.9.1 Solubility of Metal Nanoparticles
In this dissertation, we are concerned with the organic ligand-stabilized metal
nanoparticles. They are soluble in a range of organic solvents determined by the
nature of the ligand shell. Vast majority of nanoparticles stabilized by straight-
chain alkanethiolates are highly soluble in aromatic hydrocarbons such as benzene
and toluene. Other suitable solvents include THF, CHCl3 and CH2Cl2 [162].
Nanoparticles stabilized by shorter chain hydrocarbons tend to be more soluble,
while those with long chains (e.g. C18H37SH) are slower in dissolving. The reason
for the barrier to solvation is typically interdigitation between ligand chains,
which requires some measure of energy to penetrate and unravel [173, 174].
1.9.2 Size and Shape of Nanoparticles
Size of nanoparticles could be measured by scanning tunneling microscopy (STM)
[161], atomic force microscopy (AFM) [161], transmission electron microscopy
(TEM) [148, 160, 175] and X-ray di®raction (XRD) [176]. More details will be
discussed later. We have not yet considered the shapes of nanoparticles. While
it is often convenient to treat nanoparticles as spheres [168, 169], it is usually
unrealistic.
1.9.3 UV-Visible Spectroscopy
UV-vis spectroscopy is often the ¯rst technique performed due to its convenience.
Electronic transitions in metal nanoparticles are primarily due to two or three
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sources. The ¯rst two, namely intraband transition and interband transition, are
always present in the nanoparticles of noble metals [158]. The origin of these
transitions can be found in examination of the Density of State (DOS) for the
metal in question (for Au, see Figure 1.15). For bulk Au (Figure 1.15A) the 6s'p
band, the Fermi level, Ef is found in the 1.7 eV above the 5d
10 band. Intraband
transitions occur within the 6s'p band across Ef . Thus in bulk Au, they would
be expected to onset at 0 eV and increase linearly as a function of energy. For a
very small cluster (Figure 1.15C) in which there presents a HOMO-LUMO gap
of ¢E À kT, onset of the intraband transition would be expected at ¢E. In
the intermediate case (Figure 1.15B), a HOMO-LUMO separation may exist but
shall be unobservable if ¢E ∙ kT.
Interband transitions originate from electrons in the 5d10 band being promoted
to unoccupied 6s'p states above Ef . Since the 5d
10 band has a greater density,
interband transitions are much stronger than those due to intraband promotion.
In bulk Au, onset will occur at 1.7 eV, but may be expected to increase slightly



















Figure 1.15: Sketch of DOS for Au: (A) bulk Au; (B) very large Au clusters;
(C) very small Au clusters.
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In the case of some of noble metal such as Au, Ag and Cu, a third type of
band is observed known as surface plasma resonance. In a most general sense,
this plasmon resonance can be described as a collective oscillation of the surface
conduction electrons in response to the electric ¯eld of light. General trends are
for an increase in intensity, decrease in line width and decrease in plasmon peak
energy as the particle size increases.
Theoretical treatment of plasmon resonance began with Mie theory [178] which
was based on classical principles. Through its various adaptations it has proven
to be very e®ective in predicting the position, intensity and width of plasmon
resonance in large metal nanoparticles and colloids (dcore ¸ 20 nm) [133]. In these
larger nanoparticles, plasmon resonance is an extrinsic e®ect with most properties
being equivalent to the bulk state; the remaining dependency is the relationship of
the nanoparticle size to the wavelength of light. For smaller nanoparticles (dcore ∙
20 nm), plasmon resonance is dominated by intrinsic quantum mechanical e®ects,
thus classical theory no longer applies. No adequate theory with predictive value
currently exists, although considerable research e®orts have been directed at this
problem [179, 180, 181].
Figure 1.16 demonstrates the aforementioned transitions in a dcore » 13 nm sample
of Au nanoparticles prepared from citrate reduction in our lab. The plasmon
resonance is presented at » 2.35 eV (520 to 530 nm), a fairly typical value for Au
(lower in energy than for other metals due to the shielding e®ect of the closed 5d10
band). At lower energies, the spectrum is dominated by intraband transitions,
while at higher energies the more intense interband transitions are observed.
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Figure 1.16: UV-Vis spectrum of a sample of » 13 nm Au nanoparticles
prepared from citrate reduction in our lab.
1.9.4 X-Ray Photoelectron Spectroscopy (XPS)
XPS gives information on several aspects of the nanoparticles. First, elements
present on the nanoparticle can be quickly identi¯ed. Quanti¯cation of elements is
possible, allowing a calculation of the ratio of bound ligands to core atoms, which
is in turn related to the size of nanoparticles (a function of volume-to-surface-
area, and curvature of the surface). XPS is also sensitive to oxidation states of
the elements, thus species such as Au0, AuI and AuIII can be distinguished (Table
6.2) [148, 182, 183].
The general consensus is that surface atoms of the Au core give rise to photo-
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Table 1.2: Binding energy of di®erent gold species.
Species Binding Energy (eV) FWHM (eV)
Au (0) 4f7=2 83.8 1.00
Au (0) 4f5=2 87.5 1.00
Au (I) 4f7=2 84.9 1.00
Au (I) 4f5=2 88.6 1.00
Au (III) 4f7=2 86.3 1.00
Au (III) 4f5=2 89.9 1.00
electrons of higher binding energy than the bulk atoms [184]. In principle, this
¯nding seems reasonable since the surface atoms are not expected to be as metal-
lic as those deeper in the core. This e®ect is often invoked as a contribution to
the asymmetry of Au 4f peaks exhibited by Au nanoparticles.
1.9.5 Transmission Electron Microscopy (TEM)
TEM is one of the most powerful tools available for analyzing metal nanopar-
ticles. Metal cores can be directly visualized, with the diameters of individual
nanoparticles measured to build up size distribution of nanoparticle assemblies
and orientations. The particle size is obtained directly from each TEM photo-
graph. The number average diameter (Dn) and weight average diameter (Dw)
















At least 300 particles (N) are counted for each calculation. The distribution of
particle size is expressed as Dw=Dn.
Although ligands usually cannot be directly detected, the distances between adja-
cent nanoparticles in a closely packed sample can provide information concerning
ligand length, and whether interdigitation of ligands between neighboring par-
ticles occurs [185]. On an instrument with su±cient resolution, atoms can be
individually visualized to give an exact size and shape for each nanoparticle ob-
served.
1.9.6 Atomic Force Microscopy (AFM)
AFM is used for many of the same purposes as TEM. Unlike TEM, AFM mea-
sures the full nanoparticle - core plus ligand shell. Since the lateral resolution of
AFM is not as great as TEM, nanoparticles must be more widely distributed on
the substrate in order to make accurate measurements. In particular, sizes can
be directly measured only from the apparent height, not the apparent lateral di-
mensions (due to tip broadening e®ects). Since the ligand shell is incorporated in
the measurements, there is no need to determine whether ligand interdigitation
is occurring. The main disadvantage to AFM is that it is often more di±cult
to determine if the measurements are accurate and truly representative of the
sample being analyzed [185].





Figure 1.17: (A) Height AFM image and (B) TEM image of 3-mercapto-
2,2'-bithiophene stabilized gold nanoparticles (prepared in our lab).
niques. The TEM possesses good lateral resolution with gold cores clearly distinct
form each other. However, where the particles overlap, they cannot be distin-
guished. The AFM image demonstrates poor lateral resolution. yet the terrain
height clearly shows the overlapping particles.
1.9.7 Electrochemistry: Cyclic Voltammetry (CV) and
Di®erential Pulse Voltammetry (DPV)
The electrochemical behavior of metal nanoparticles has been studied by CV [186]
and DPV since some clusters have been found to undergo reversible one-electron
reactions. Murray et al: and whetten et al: have recently demonstrated [175, 187,
188, 189] that some alkanethiolate stabilized gold nanoparticles exhibit quantized
double layer charging, due to their extremely small absolute capacitance [190,
191]. The capacitance is associated with the ionic space charge formed around
an nanoparticle dissolved in an electrolyte solution, upon electronic charging of
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the metal core. If the metal core size is not mono-dispersed or too large, the
quantized charging feature would smear out [187]. Quantized gold nanoparticle
capacitance charging is analogous to classical STM-based \Coulomb staircase"
[192] experiments on single nanoparticles [189, 193]. More details will be discussed
in the introduction part of chapter 4.
Other electrochemistry studies focus on metal nanoparticles functionalized with
redox groups (ferrocene [194, 195], anthraquinone [196, 197], phenothiazine [198,
199], and viologen [187]).
1.10 Scope of Dissertation
The literature review in the previous sections shows that very few research ef-
forts focused on the electrochemical syntheses of disubstituted bithiophenes in
BF3¢OEt2 as a novel electrolytical medium. Although Xue et al. ¯rstly reported
on using BF3¢OEt2 for polythiophenes preparation. No e®orts have been devoted
in the studies of correlation between the monomer structures and electrochemical
features in BF3¢OEt2. Moreover, the preparation of various polybithiophens on
novel modi¯ed macroelectrodes and microelectrodes which are prepared by using
self-assembly technique are of great interest in both fundamental understanding
and pratical applications. Studies in conducting polymer / metal nanoparticle
hybrids have opened a new avenue to the understanding and applicaiton of these
novel materials.
The dissertation is organized as follows:
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Chapter 2 is mainly concerned with the electrochemical syntheses of polybithio-
phenes with various functional groups using BF3¢OEt2 as electrolyte.
Chapter 3 explores the electrochemical and optical properties of polybithiophenes
prepared in BF3¢OEt2 and the interaction between dopant and polymers.
Chapter 4 investigates self-assembly of thienylthiolate on gold polycrystalline
electrode and its baring in ensuing polymerization of bithiophenes.
Chapter 5 focuses on the formation of gold microelectrodes through self-assembly
of aqueous gold nanoparticles on the silanized ITO glass. Further modi¯cation
of thienyl thiol compound on the surface of gold microelectrodes was investi-
gated. The electrochemical polymerization of bithiophenes was carried out on
these various modi¯ed electrodes.
The work presented in chapter 6 involves the preparation and characterization of
nonaqueous gold nanoparticles with thienylthiolates monolayer protection. The
syntheses follow Brust method with minor modi¯cations.
Chapter 7 contains an introduction to the electronic properties of ligand-stabilized
metal nanoparticle. Quantize double layer capacitance charging is featured by CV
and DPV. Solvent e®ect in the capacitive charging behavior of ligand-stabilized
nanoparticle is also discussed.
Chapter 8 studies the assembly behavior of nonaqueous gold nanoparticles on
the silanized ITO glass surface. The electrochemical syntheses of polybithiophene
based on these modi¯ed electrode are investigated. The electrochemical polymer-
ization of bithiophenes are also studied on the so called \di®using nanoelectrode"
of gold as they co-exist in the solution with bithiophene monomer.
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Future work is proposed in chapter 9.
General experimental is presented in chapter 10 including syntheses of thienylth-






Using BF3¢OEt2 as Electrolyte
2.1 Introduction
Among various conducting polymers, polythiophenes are extensively studied be-
cause of their feasibility of derivatization, controllable conjugation extent and
environmental stability in both their neutral-insulating and doped-conducting
states.
Great research e®orts have been devoted to the preparative methods of polythio-
phenes. Of the various polymerization methods in the synthetic generation of
functionalized polythiophenes, the electrochemical approach has the advantage
of straightforward control of doping extent as well as facile formation of thin
¯lms which are prerequisites in device fabrications [28, 29]. Electropolymeriza-
tion is generally conducted in organic electrolytic media (acetonitrile [77, 78],
benzonitrile [79], nitrobenzene [80], propylene carbonate [81, 82] etc as solvent,
Bu4NBF4, Bu4NClO4, LiClO4 [200, 201] etc as supporting electrolyte), although
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Xue et al. [84] have recently reported on the generation of polythiophene as of
poly(3-bromothiophene) [202] using an unusual electrolytic media in the form of
the readily available Lewis acid, boron tri°uoride diethyl etherate (BF3¢OEt2)
which incidentally also a®ords materials with improved mechanical properties.
In view of the fact that the introduction of substitution in the monomers sig-
ni¯cantly in°uences the properties of the resulting polymers, there are a great
number of reports on the thiophene and bithiophene derivatives [27, 28, 29, 30, 31,
32, 33]. It has been established that incorporation of pendant substituents of ap-
propriate structural / electronic properties in the respective thiophene monomers
allows for a facile tuning of the mechanical and optoelectronic properties of poly-
thiophenes. Thus, polythiophenes incorporating electron-donating alkyl pendants
exhibit reduced bandgap as well as lower redox potentials in contrast to those hav-
ing electron-withdrawing halogen pendant moieties (F, Br and Cl) [203] which de-
pict accentuated bandgaps and redox potentials in comparison to the parent poly-
thiophene. Apart from polymers having alkyl pendants, poly(3-alkoxythiophene)s
[64, 68] and poly(3-alkylthiothiophene)s [37] also exhibit signi¯cant lowering of
bandgap and oxidation potential of polymers.
Despite all these studies, no e®orts have been dedicated to electrochemical poly-
merization of disubstituted bithiophenes in BF3¢OEt2. Moreover, no studies have
been reported on the electropolymerization of mono-substituted or unsymmetri-
cally disubstituted bithiophenes in both BF3¢OEt2 and Bu4NBF4=CH3CN. This
chapter presents the comparative study in electropolymerization of bithiophenes
in BF3¢OEt2 and Bu4NBF4=CH3CN. This study has shown the e®ects of elec-
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trolytic media in the electrochemical polymerization process. Results have also
revealed the concurrent electronic and steric e®ects of the substituents.
2.2 Experimental
2.2.1 Monomers
The substituted bithiophene monomers are kindly provided by Dr. Seow Swee-
How and Dr. Miao Ping in our group. The monomers are basically categorized
as follows:
² Mono-substituted 2, 2'-bithiophenes: 3-bromo-2,2'-bithiophene (3BRBT),
3-methoxyl-2, 2'-bithiophene (3OMEBT), 3-octyl-2,2'-bithiophene (3OCBT),
3-octylthio-2,2'-bithiophene (3SOCBT)
² Dissymetrically disubstituted 2, 2'-bithiophenes: 3-bromo-3'-hexyl-2,2'-bithiophene
(BRHEBT), 3-bromo-3'-octylthio-2,2'-bithiophene (BRSOCBT)
² Symmetrically disubstituted 2, 2'-bithiophenes: 3,3'-dioctyl-2,2'-bithiophene
(DOCBT), 3,3'-dibutoxyl-2,2'-bithiophene (DOBUBT), 3,3'-dioctylthio-2,2'-
bithiophene (DSOCBT), 3,3,-dichloro-2,2'-bithiophene (DCLBT), 3,3'-dibromo-
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Figure 2.3: Symmetrically disubstituted 2, 2'-bithiophenes.
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2.2.2 Determination of Monomer Oxidation potential
Monomer oxidation potentials were determined by two di®erent synthetic meth-
ods: CV and CE. As with CV, onset oxidation potentials of monomers were
derived from the ¯rst cycle of CV curve of polymerization. As with CE, the
monomer oxidation potentials were recorded as reaction potentials under opti-
mum current density. The electrolytic cell set-up and electrochemical methods
for polymerization were stated in Chapter 10.
2.2.3 Determination of Polymer Oxidation Potential
The polymer oxidation potentials were estimated from the CV curves of poly-
merization process at a scan rate of 50 mV s¡1. In comparison to the data from
CV of intact polymer ¯lms in a monomer free solution (which will be elucidated
in Chapter 3), this method o®ers comparative result. And it is expecially useful
in the case that thus generated polymers have poor adherence to the electrode or
only oligomers forms which dissolve in the proximity of electrode.
2.3 Results and Discussion
The oxidation potentials (Eox) of bithiophene-based monomers are generally lower
than that of thiophene-based monomers due to higher electronic delocalization
in the conjugated system for dimerized thiophenes. The advantages of using
thiophene dimers as starting materials are related to the lower monomer Eox as
well as the lower solubility of the respective oligomers, which in turn enhance the
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deposition of the polymers onto the electrodes and minimize overoxidation of the
grafted polymer ¯lms.
2.3.1 Electrochemically Polymerization of Mono-substituted
Bithiophenes
Mono-substituted bithiophene derivatives other than 3SOCBT can be successfully
polymerized electrochemically in both BF3¢OEt2 and Bu4NBF4=CH3CN. Both
3OCBT and 3BRBT exhibited excellent ¯lm formation behavior. In Bu4NBF4=CH3CN,
the oxidation potentials of 3OCBT and 3BRBT monomers were ca 1.2 and 1.35
V respectively at a sweep rate of 50 mV s¡1. A typical polymerization CV of
3OCBT is shown in Figure 2.4. Two cathodic peaks were observed in the case of
3OCBT which increased in intensity upon repeated voltametric cycling, with the
anodic peak observable from the second cycle. As polymerization proceeded, the
peak currents increased with progressive cycles, indicative of polymer growth on
the surface of the electrode. Meanwhile, the anodic and cathodic peaks shifted
respectively to higher and lower potentials, which is due to the increase of re-
sistance upon polymer growth. P3OCBT and P3BRBT could also be prepared
using the galvanostatic method at current densities between 0.1 to 2.0 mA cm¡2.
The oxidation potential of 3OCBT is slightly lower than the 1.22 V of 3,3'-dioctyl-
2,2'-bithiophene under identical experimental conditions, presumably ascribable
to steric hindrance of two head-to-head pendant groups in the latter monomer
which has the e®ect of reducing conjugation with a concomitant lowering of the
HOMO.
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Figure 2.4: Polymerization of 3OCBT in Bu4NBF4/CH3CN. 0.05 M
monomer, scan rate: 50 mV s¡1.
merization of 3-alkylthio-2,2'-bithiophenes by either potentiodynamic or galvano-
static method a®orded only soluble oligomers in the vicinity of the working
electrode with no polymer ¯lm obtainable on the anode in both BF3¢OEt2 and
Bu4NBF4=CH3CN. According to previous studies by Reynolds et al., the spin
density of asymmetrically substituted alkylthiothiophenes is localized on the pen-
dant sulphur atom instead of the ® position of thiophene ring [204]. This factor,
together with the high solubility of oligomers in the electrolyte and consequent
poor adherence on the anode account for the di±cult electrochemical polymeriza-
tion under normal conditions. Accordingly, P3SOCBT was prepared via a chem-
ical oxidation approach using FeCl3 as oxidant. This resulting polymer depicted
excellent solubility in chloroform and THF. The monomer oxidation potentials
were estimated as reaction potentials at 0.2 mA cm¡2 with 0.05 M 3SOCBT in
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solution.
The oxidative polymerization of 3OMEBT via the potentiodynamic method in
Bu4NBF4=CH3CN appeared di±cult. Thus, although both the anodic and ca-
thodic peak currents were observed to increase with the number of voltametric
cycles, the products gradually dissolved into the electrolyte solution. Neverthe-
less, polymer ¯lms were successfully prepared using the galvanostatic approach
at a current density of 0.2 mA cm¡2. The oxidation potential of 3OMEBT is 0.75
V, which is higher than the 0.65 V of 3,3'-dimethoxy-2,2'-bithiophene obtained
under identical experimental conditions. In contrast, the oxidation potential of
3SOCBT (1.04 V) is not signi¯cantly di®erent from DSOCBT (ca 1.10 V [205]),
which can be ascribed to the reduced electron donating e®ects of the adjacent
sulphur pendant moiety in comparison to the methoxy pendant moiety on the
one hand and the accentuated steric e®ects of the sulfur pendants on the other.
In summary, for the series of monofunctionalized bithiophenes, the ease of anodic
oxidation in Bu4NBF4=CH3CN declines in the order: 3OMEBT > 3SOCBT >
BT > 3OCBT > 3BRBT (Table 2.1). This trend is consistent with the operation
of both electronic and steric e®ects. On one hand, diminishing electron donation
by the pendant group across the series methoxyl, octylthio and octyl has the e®ect
of decreasing the ease of oxidation. On the other hand, the increase in the Van
der Waals radii of 0.14, 0.18 and 0.20 nm respectively for the oxygen, sulfur atoms
and CH2 moiety results in accentuated steric e®ects between the pendant groups
and neighboring thiophene ring, thus reducing inter-ring coplanarity and conse-
quently the e®ective conjugation with a lowering of the HOMO, thus increasing
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Table 2.1: Electrochemical properties of monomers.
Monomer Eox of monomers by CV Eon of monomers by CE
BF3¢OEt2 Bu4NBF4=CH3CN BF3¢OEt2 Bu4NBF4=CH3CN
BT 0.78 1.10 0.80 0.98
3BRBT 0.80 1.35 0.85 1.40
3OCBT 0.88 1.19 0.86 1.25
3OMEBT 0.75 0.75 0.60 0.50
3SOCBT - - 0.69 1.04
DCLBT - 1.40 0.95 1.45
DBRBT 1.19 1.47 1.00 1.55
DIBT 1.35 1.50 1.18 1.57
DCNBT 2.10 - 2.00 -
DOBUBT 0.70 0.65 0.42 0.52
DOCBT 0.85 1.22 0.76 0.98
DSOCBT 0.87 1.20 0.74 1.20
BRHEBT 0.96 1.32 0.91 1.20
BRSOCBT - - - -
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oxidation potentials across the series. The operation of opposing electronic and
steric factors accounts for the lower oxidation potential for BT in comparison
to 3OCBT despite the operation of electron donating e®ects in the latter. Ap-
parently, for 3OCBT in solution, steric e®ects of the relatively encumbered alkyl
pendant appear to have the overriding in°uence against electronic e®ects. With
the bulky, electron-withdrawing Br pendant, both steric and electronic e®ects act
in tandem to a®ord a lower HOMO, thus imparting the highest Eox amongst the
series of monomers.
However, in the electrochemical polymerization process, polymers derived from
3OCBT depicted better ¯lm-formation behavior in comparison to those from
3OMEBT and 3SOCBT despite the higher monomer oxidation potential. This
may be attributed to the highly stabilized radical cations in alkoxy and alkylthio
functionalized bithiophenes which result in diminished polymerization reactivity
and consequent likelihood of soluble oligomers formation.
As in Bu4NBF4=CH3CN media, electrochemical polymerization of 3SOCBT in
BF3¢OEt2 media failed to a®ord stable polymer ¯lm on the anode whilst elec-
trochemical polymerization of 3BRBT, 3OCBT and 3OMEBT in BF3¢OEt2 were
all successful using both the galvanostatic (Figure 2.5) and potentiostatic ap-
proaches (Figure 2.6). The results derived from both CV and CE are summarized
in Table 2.1.
Oxidation potentials of BT, 3BRBT, 3OCBT and 3SOCBT from CV method in
BF3¢OEt2 depicted 0.32, 0.55, 0.31 and 0.35 V respectively lower than those in
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Figure 2.5: Polymerization of (a) 3OMEBT and (b) 3BRBT in BF3¢OEt2.




















Figure 2.6: Polymerization of 0.05 M (a) BT, (b) 3OMEBT, (c) 3OCBT
and (d) 3BRBT by CE methods at 0.2 mA cm¡2 in BF3¢OEt2.
tential in BF3¢OEt2 as in Bu4NBF4=CH3CN. Consequently, in this electrolytic
media, the ease of anodic oxidation declines in the order: 3OMEBT > 3SOCBT
> BT > 3OCBT ¼ 3BRBT. This trend is consistent with that obtained in
Bu4NBF4=CH3CN media and explicable by the interplay of steric and electronic
e®ects. The more facile oxidation of BT, 3BRBT, 3OCBT and 3SOCBT in the
Lewis acid electrolyte is ascribed to the highly electron de¯cient nature of BF3
which have a strong e®ect on promoting the oxidation of the thiophene nucleus
in forming radical cations. In the case of 3OMEBT, however, the strong da-
tive co-ordination of BF3 with the pendant oxygen atom to a®ord a positively
charged and consequently electron-withdrawing pendant contributed to the de-
creased ease in the oxidation with 3OMEBT. In general, under normal circum-
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stances, the electron-withdrawing e®ect of halogen increases the oxidation po-
tential of monomers. Therefore, 3BRBT is oxidized at higher potential than the
parent BT and others with electron-donating pedant groups in Bu4NBF4=CH3CN
media. In striking contrast, 3BRBT depicted a comparable Eox to that of un-
substituted BT in BF3¢OEt2 due to a more substantial (> 0.5 V) lowering of
the oxidation potential in comparison to ca 0.3 V with other monomers. Thus,
as a general observation, BF3¢OEt2 favors the electrochemical polymerization of
thiophene derivatives with an exception of those with alkoxy pendants.
2.3.2 Electrochemical Polymerization of Bithiophenes with
Alternate Electron-donating and Electron-withdrawing
Groups
For 3-bromo-3'-hexy-2,2'-bithiophene (BRHEBT), which is alternatively substi-
tuted by electron donating group (hexy) and electron withdrawing group (Br),
the electrochemical polymerization in Bu4NBF4=CH3CN and BF3¢OEt2 were all
successful and its intact polymer ¯lm could be obtained. The oxidation potentials
of monomer by CE at a current density of 0.2 mA cm¡2 were 0.91 and 1.20 V in
BF3¢OEt2 and Bu4NBF4=CH3CN respectively (Figure 2.7).
The oxidation potentials of BRHEBT were generally higher than those respective
of BT, 3OCBT and 3BRBT. This is mainly due to the increasing steric hinderance
induced by bulky substituents, which reduces coplanarity and thus conjugation
level of polymers.
Polymerization by potential sweeping up to 0.96 V occured in BF3¢OEt2 and



















Figure 2.7: Polymerization of 0.05 M BRHEBT by CE methods at 0.2 mA
cm¡2 in (a) BF3¢OEt2 and (b) Bu4NBF4/CH3CN.
(Figure 2.8), indicative of the polymer formation. In the continuous cycling,
anodic peaks at 0.56 and 0.72 V could be observed. For the polymerization
conducted in Bu4NBF4=CH3CN, the potential to form radical cation to trigger
the polymerization to occur was more positive at ca 1.32 V. Two anodic and two
cathodic peaks could be observed at 1.07, 0.92 V and 1.08, 0.91 V respectively.
The separation of two pair of redox peaks in Bu4NBF4=CH3CN was less than that
in BF3¢OEt2. Two cathodic peaks are typical for bithiophene or its derivatives
with electron donating groups. The redox pair at the more positive potential of
1.08 V and 0.72 V in BF3¢OEt2 and Bu4NBF4=CH3CN respectively, match those
of 1.20 V and 0.76 for mono-bromo substituted bithiophene (3BRBT, Figure
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Figure 2.8: Polymerization of BRHEBT in (A) BF3¢OEt2 and (B)
Bu4NBF4/CH3CN. 0.05 M monomer, scan rate: 50 mV s¡1.
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that at 0.76 and 0.64 V for mono-alkyl substituted bithiophene (3OCBT). It is
suggested that two redox processes might due to the electrochemical behavior of
alternative thiophene ring with di®erent functional groups. This e®ect was more
note worthing in BF3¢OEt2, which might induced by the di®erent interaction
intensity of BF3 with the two structures.
The electrochemical polymerization of 3,bromo-3'octylthio-2,2'-bithiophenes how-
ever was not successful. As we know, the mono-alkylthio functionalized bithio-
phene could not be electrochemically polymerized. And this is explained that
the spin density is more located at the sulfur atom rather than ® position of
thiophene ring which inhibit the polymerization to occur [204]. In the case of
BRSOCBT, the induction of strong electron-withdrawing bromo atoms further
decrease the electron density at the bithiophenes rings and result in the electron
more located at the sulfur atom. Therefore, it is impossible for the radical cation
to be formed for polymerization to proceed.
2.3.3 Electrochemically Polymerization of Symmetrically
Di-substituted Bithiophenes
For symmetrically disubstituted bithiophenes, those with electron-withdrawing
groups (Cl, Br, I, CN) displayed much higher Eox and consequently Epa of their
polymers due to the concurrent unfavorable electronic and steric e®ects.
DCLBT, DBRBT and DIBT can be electrochemically polymerized in Bu4NBF4/CH3CN
to a®ord physically intact polymer ¯lms on the electrode surface. In the case of
DCNBT, formation of polymeric material at the proximity of working electrode
was not observed. The strongly electron-withdrawing CN substituent destabi-
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lizes the radical cation intermediate and hence hampers the coupling reaction
of the radical cations which leads to the formation of polymer. The oxidation
potentials of DCLBT, DBRBT and DIBT monomers are reported to be 1.45,
1.47 and 1.50 V [206], which are signi¯cantly higher than 1.10 V of unsubstituted
bithiophene since the electron-withdrawing halogen substituents hinder the for-
mation of positively charged electroactive sites to form radical cation. Moreover,
the high charging current involved in the processes exacerbate the di±culties in
determining oxidation potential of polymers in Bu4NBF4/CH3CN [206].
For DCLBT, DBRBT and DIBT, the electrochemical polymerization in BF3¢OEt2
are successful either by potentiodynamic or galvanostatic method. Taken the
poor solubility of DIBT in ether into account, lower monomer concentration of
0.01 mol l¡1 was applied. The oxidation potential of DBRBT and DIBT were ca
1.2 V and 1.3 V respectively. In the case of DBRBT, one anodic peak at 0.80 V
representative of polymer reduction was observed from the ¯rst cycle (Figure 2.9).
One cathodic peak appeared which increased in intensity in subsequent cycles.
As polymerization proceeded, the peak currents increased with increasing number
of scans and the anodic peak position were displaced from 0.86 V (2nd cycle)
to 0.94 V (10th cycle) while the cathodic peak potential shifted from 0.80 V
(1st cycle) to 0.77 V (10th cycle), indicative of resistance increase upon polymer
growth on the electrode surface. In the case of DIBT, the anodic peak at 1.11 V
was distinguishable only at second cycle. While polymerization proceeded, the
well-de¯ned anodic peaks were absent, indicative of the increase of capacitive






























Figure 2.9: Polymerization of (A) DBRBT and (B) DIBT in BF3¢OEt2,
0.01-0.05 M monomer, scan rate: 50 mV s¡1.
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which arises from the oxidation/reduction process of polymers and results in the
smearing of the anodic peak. The cathodic peak of PDIBT was observed at ca 0.90
V. In comparison to the reactions in Bu4NBF4=CH3CN, the polymerization in
BF3¢OEt2 depicted distinguished lower monomer oxidation potentials and better
¯lm formation behavior. And the trend of oxidation potential: DBRBT (1.2 V)
< DIBT (»1.3 V) is in consistent with that in Bu4NBF4=CH3CN with 0.28, 0.15
V lower respectively. Contrarily, no intact polymer ¯lm of DCLBT could be
obtained in BF3¢OEt2. As of DCNBT, due to its poor solubility in BF3¢OEt2,
benzonitrile was added in 3:1 volume ratio to BF3¢OEt2. When potential was
swept up to 2.1 V, polymer oxidation peak appeared at ca 1.55 V in the second
cycle. However, the substance deposited on the electrode di®used into solution
upon cycling. Most likely, only oligomer of DCNBT was formed.
The oxidative polymerization of DCLBT, DBRBT and DIBT via the chronopo-
tentiometry were also feasible. Although polymer of DCLBT cannot be prepared
by potentiodynamic method, it can be obtained by chronopotentiometry at cur-
rent density 0.1 - 2 mA cm¡1. The monomer oxidation potential thus determined
was ca 0.95 V at 0.1 mA cm¡1. For DBRBT, it could be successfully polymerized
using the current density from 0.1 to 2 mA cm¡1 and polymer ¯lms could be ob-
tained. The oxidation potentials of DBRBT at 0.1 and 0.2 mA cm¡1 were 1.00 and
1.03 V respectively, which is lower than 1.18 V of DIBT at 0.1 mA cm¡1. DIBT
could only be polymerized at current density lower than 0.2 mA cm¡1. Other-
wise, the rapid growth of polymer resulted in signi¯cant increase of resistance
and oxidation potential (Figure 2.10). In the case of DCNBT, polymerization
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was carried out at current density ranging from 0.1 to 1 mA cm¡1. At 1 mA
cm¡1, green oligomer was deposited onto the electrode, however, no ¯lm was ob-
tained. The corresponding monomer oxidation potential was 2.0 V. At the lower
current density, no oligomer formation was observed. The reaction potential at


















Figure 2.10: Polymerization of (a) DCLBT, (b) DBRBT and (c) DIBT by
CE methods at 0.1 mA cm¡2 in BF3¢OEt2, 0.01-0.05 M monomer.
As concluded from aforementioned observation, for those monomers with high
Eon up to 1.5 V at which monomers are susceptible to overoxidation and side
reactions during electrochemical polymerization, the application of BF3¢OEt2 as
electrolyte has great advantages over the conventional media Bu4NBF4=CH3CN
since it enables the reaction to occur under a moderate potential (»1.2 - 1.3 V).
As proven from the experiments, no side products or oligomers were observed in
the solution during electropolymerization of DBRBT and DIBT. The resulting
61
polymer ¯lms were compact and uniform.
In contrast with disubstituted bithiophenes with electron-withdrawing groups,
those functionalized with electron-donating groups (alkyl, alkylthio and alkoxy)
depicted general lower monomer oxidation potential formation of radical cation.
The electrochemical polymerization in BF3¢OEt2 were successful and intact poly-
mer ¯lms of DOCBT and DSOCBT were obtained. The electropolymerization of
DOBUBT, however, failed to a®ord intact polymer ¯lm.
Derived from CV diagram (Figure 2.11) for polymerization at a scan rate of 50
mV s¡1, Eons of monomers were 0.85 and 0.87 V for DOCBT and DSOCBT,
which were much lower than 1.22 and 1.20 V for those in Bu4NBF4=CH3CN.
As shown in Figure 2.11, in the ¯rst cycles of DOCBT and DSOCBT polymer-
ization, cathodic peaks appeared as 0.59 and 0.53 V for DOCBT, and 0.35 for
DSOCBT respectively. During the second cycle, anodic peaks appeared as 0.66
V for DOCBT and 0.49 V for DSOCBT, indicative of the deposition of polymer
¯lms on the electrode surface. Upon potential cycling, for DOCBT, two cathodic
peaks tended to be merged and shifted to a lower value at 0.53 V while one
additional cathodic peak appeared and increased in intensity at 0.70 V. At the
same time, the anodic peak shifted to higher potential at 0.72 V, indicative of the
growth of polymers and the increase of resistance. In the case of DSOCBT, while
the polymer grew, the current intensity increased and anodic potential shifted
from 0.49 V (1st cycle) to 0.72 V (10th cycle) and cathodic potential from 0.35
to 0.28 V. The polymers of DOCBT and DSOCBT could also be obtained from
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Figure 2.11: Polymerization of (a) DOCBT, (b) DSOCBT and (c) DOBUBT
in BF3¢OEt2, 0.05 M monomer, scan rate: 50 mV s¡1.
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applied for the control of polymerization progressing and consequently better
polymer ¯lm quality. The oxidation potential of DOCBT and DSOCBT were
0.76 and 0.74 V respectively.
In the case of DOBUBT, no polymer was observed to be deposited onto the
electrode surface. The monomer, more likely the complex of monomer - BF3
complex, however, was oxidized at ca 0.70 V during the cycling of potential from
0 V to 0.7 V. This value is a little lower than 0.75 V reported for 3,3'-dialkyl-
2,2'-bithiophenes [95]. In the ¯rst potential sweeping cycle, two cathodic peaks
(0.10 and 0.27 V) were observed. The anodic peak of 0.64 V appeared at the
second cycle and it slightly increased in intensity during the following potential
scanning. However, the polymer or oligomer quickly dissolved in the solution
(Figure 2.11). Monomer oxidation potential derived from chronopotentiometry
was 0.42 V at a current density of 0.2 mA cm¡2. In comparison to those of
DOCBT (0.76 V) and DSOCBT (0.74 V), Eon of DOBUBT is dramatically de-
creased due to the strong electron denoting e®ect of alkoxyl groups (Figure 2.12).
Mono- and di-alkoxyl substituted bithiophenes displayed similar or even inferior
polymerization behavior in BF3¢OEt2 to those in Bu4NBF4=CH3CN, which is due
to the interaction of BF3 and electron rich oxygen atoms. Moreover, BF3¢OEt2
generally facilitated the electropolymerization of bithiophene derivatives at 0.15
- 0.40 V lower oxidation potential. The ease of anodic oxidation in BF3¢OEt2
declines in the order: DOBUBT > DOCBT ¼ DSOCBT > BT > DCLBT >




















Figure 2.12: Polymerization of 0.05 M (a) DOCBT, (b) DSOCBT and (c)
DOBUBT by CE methods at 0.2 mA cm¡2 in BF3¢Et2.
2.4 Summary
In summary, for this particular purpose of electrochemical polymerization of poly-
bithiophenes, BF3¢OEt2 has shown us great interest for the utilization of its elec-
tron de¯cient nature as electrolytical media. Freshly distilled BF3¢OEt2 is stable
at potential range between -1.0 and 2.5 V. In general, it would lower the oxida-
tion potential of monomer molecules in forming radical cations. Consequently, it
can greatly lessen the deteriorating e®ect on the polymer properties induced by
overoxidation. This advantage is especially important and useful for those with
high monomer oxidation potentials. However, BF3¢OEt2 has its limitation in its
readily reaction with those monomers with alkoxy groups. The pedant oxygen
atom from alkoxy group competed with that from ether to form the complex
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of BF3 and monomer, which would exacerbate di±culties in forming the radical
cation of monomer molecules and also introduce some side reactions.
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Chapter 3
Properties of BF3¢OEt2 Doped
Polybithiophene Derivatives
3.1 Introduction
As inherent conductive polymers, polythiophenes show quasi-reversible transfor-
mation from the non-conductive state (neutral) to the conductive state (doped).
Cyclic voltammetry (CV) is a basic technique to study the oxidation-reduction
(doping-dedoping) process. Optical spectroscopy is a useful technique for charac-
terizing the conjugation system of polybithiophenes. The extent of conjugation
is indicated by the energy of ¼ - ¼¤ transition during electronic excitation. X-ray
photoelectron spectroscopy (XPS) has been recently employed in the study of
conducting polymers. From XPS analysis, the information on dopants and its
interaction with polymer backbone can be obtained.
This chapter studies the electrochemical, optical and doping properties of poly-
thiophenes prepared from BF3¢OEt2 by the means of cyclic voltammetry, UV-vis
spectrometry and X-ray photoelectron spectrometry.
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3.2 Experimental
3.2.1 Preparation of Polymers
Except P3SOCBT, various of polymers were freshly prepared by electrochemical
method (details stated in Chapter 10) either on the Pt electrode for electrochem-
ical characterization or on ITO glass electrode for optical and XPS characteriza-
tions.
P3SOCBT was prepared by chemical oxidative method. 3SOCBT (2 mmol) so-
lution in chloroform was added to a stirred suspension of FeCl3 (1.6 g, 10 mmol)
in chloroform under inert atmosphere at 0±C. The mixture was stirred at 0±C for
2 hours and the reaction was allowed to continue at 20±C for another 20 hours.
The resulting polymer was then precipitated in methanol. After ¯ltration and
brief wash with methanol, polymer pallet was subjected to Soxhlet extraction
with methanol (20 hours), followed by acetone (8 hours) and hexane (8 hours).
Dedoping was then accomplished by stirred in 30 % aqueous solution of hydrazine
hydrate for 20 hours, whereupon the polymer was obtained as red powder.
3.2.2 Ultraviolet-visible Absorption Spectroscopy
UV-Vis spectra were acquired from thin polymer ¯lms, which were electrochem-
ically deposited on ITO coated glass plate, on a Perkin-Elmer Lambda 900 UV-
VIS-NIR spectrometer.
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3.2.3 X-ray Photoelectron Spectroscopy
Polymer sample ¯lms thus prepared on ITO (1 cm£1 cm) glass were dried in
vacuum overnight before mounting onto a standard VG sample holder by double
sided Scotch tape. The binding energies were corrected for surface charging by
referencing to the designated hydrocarbon C (1s) binding energy as 284.6 eV.
Spectra deconvolutions were carried out using Gaussian components with the
same full widths at half-maximum (FWHM) for each component in a particular
spectrum.
3.3 Results and Discussion
3.3.1 Electrochemical Analysis of Polymers
Freshly distilled BF3¢OEt2 demonstrates a potential window between -1.0 and
2.5 V. Whilst the n-doping of conducting polymers usually occurs at < -1.5 V.
Therefore, this work is mainly focused on p-doping study of polymers.
In general, CV curves of polybithiophenes in BF3¢OEt2 showed a larger oxidation-
reduction separation in comparison to those in Bu4NBF4=CH3CN, indicative of
slower charge carrier transportation in polymer matrix. It might be due to the
less charged and more bulky BF3¢OEt2 as charge carrier in the redox process of
polymers in BF3¢OEt2 in comparison to BF4¡1 ion in Bu4NBF4=CH3CN.
As we discussed earlier on, in contrast to the poly(3,3'-dialkylthio-2,2'-bithiophene)s
which readily a®orded ¯lms that exhibited facile p- and n-dopability, electropoly-
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merization of mono-SR substituted bithiophenes failed to give stable ¯lms. How-
ever P3SOCBT could be prepared from FeCl3-oxidation. CV of the polymer re-
vealed an oxidation potential at 1.15 V with a corresponding reduction potential
at 1.10 V in Bu4NBF4=CH3CN media, indicative of p-dopability of the polymer.
Other 3-substituted bithiophenes however readily a®orded polymer ¯lms and the
resulting polymers exhibited stable p-dopability in both Bu4NBF4=CH3CN and
BF3¢OEt2 media (Figure 3.1).The oxidation potentials of electrochemically gen-
erated polymer ¯lms (Epa) are summarized in Table 3.1.
As with mono-substituted monomers, polymers of 3BRBT and 3OMEBT pre-
pared in Bu4NBF4=CH3CN depicted the highest and lowest oxidation potentials
respectively. Meanwhile, in contrast to the corresponding monomers, electro-
chemically generated polymers from BT and 3OCBT depicted an inverse trend
in their oxidation potentials. Unlike corresponding monomers, the polymer of
3OCBT in the ¯lm phase is more likely to attain coplanarity due to accentuated
packing forces in the aggregated state. This assumption is consistent with the
earlier ¯ndings on analogous alternating octylthiophene-thiophene-copolymers,
which was reported to have a high degree of chain planarity in the condense
phase [207]. Accordingly, electronic rather than steric e®ect now plays a more
dominant role. Consequently, the inductive electron donation ability of the alkyl
pendant caters for a more facile oxidation as compared to unfunctionalized parent
polybithiophene.
Redox behavior of P3OCBT, P3OMEBT and P3BRBT in BF3¢OEt2 are shown
in Figure 3.1. As with the corresponding monomer Eox, the oxidation potentials
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Table 3.1: Electrochemical properties of polymers.
Polymer Epa of polymers Epc of polymers
BF3¢OEt2 Bu4NBF4=CH3CN BF3¢OEt2 Bu4NBF4=CH3CN
PBT 0.74 1.05 0.53 0.84.0.67
P3BRBT 0.92 1.20 0.75,0.46 1.16,0.86
P3OCBT 0.64 0.76 0.58,0.28 0.71
P3OMEBT 0.70 0.41 0.68 0.36
P3SOCBT - 1.15y - 1.07y
PDCLBT 0.73 1.07 0.92, 0.4 0.98
PDBRBT 0.98 1.55 0.85 1.09
PDIBT 1.20 - 1.00 -
PDOCBT 0.80 0.98 0.58 0.89
PDSOCBT 0.53 0.66 0.23 0.58
PBRHEBT 0.71 1.10 0.86, 0.52 1.04
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Figure 3.1: CV of p-dope of (a) P3OCBT and (b) P3OMEBT ad (c)
P3BRBT in monomer free BF3¢OEt2, scan rate: 50 mV s¡1.
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(Epa) of P3BRBT and P3OCBT (Table 3.1) in BF3¢OEt2 media are 0.28 V and
0.12 V lower than those in Bu4NBF4=CH3CN media on account of the strong
in°uence of BF3¢OEt2 in promoting an oxidation of thiophene nucleus. However,
for P3OMEBT, the p-doping in Bu4NBF4=CH3CN media is easier than that in
BF3¢OEt2 media, which is re°ected by 0.3 V lower of Eox. This is due to the
strong co-ordination of BBF3 with pendant oxygen atom which retards the loss
of electrons required in the p-doping process.
The stability of p-doping of P3OCBT and P3BRBT were good. As shown in
Figure 3.2, chemical and electrochemical activity of polymers did not show sig-
ni¯cant loss upon up to 10 cycles. What worth noting is that P3OCBT depicted a
signi¯cant Epa lowering from second cycle onwards. This may be indicative of the
rearrangement of polymer chain during potential sweeping to a®ord more ordered
structure. In the case of POMEBT, the application of BF3¢OEt2 to conduct p-
doping depicted inferior e®ect as expected. The complex of BF3 with the pedant
oxygen atom rather than thiophene ring results in the greater di±culty to oxidize
the thiophene backbone. Moreover, the stability of p-doping of the POMEBT
was relatively poor. Polymer gradually lost due to the irreversible reaction.
CVs of PBRHEBT obtained from polymerization in BF3¢OEt2 and Bu4NBF4=CH3CN
were studied in BF3¢OEt2 and Bu4NBF4=CH3CN respectively (Figure 3.3). The
Epa and Epc of p-doping were 0.71 V (Epa), 0.86, 0.52 V (Epc) and 1.10 V (Epa),
1.04 V (Epc) in BF3¢OEt2 and Bu4NBF4=CH3CN respectively. The potential
for the redox reaction to occur was ca 0.4 V lower in BF3¢OEt2 than that in
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Figure 3.2: The ¯rst 10 CV cycles of (a) P3OCBT and (b) P3OMEBT and
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Figure 3.3: CV of p-dope of PBRHEBT in monomer free (A) BF3¢OEt2 and
(B) 0.1 M Bu4NBF4/CH3CN, scan rate: 50 mV s¡1.
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were good in both BF3¢OEt2 and Bu4NBF4=CH3CN.
n-Dopability of PBRHEBT was studied in Bu4NBF4=CH3CN (Figure 3.4, Figure
3.5). Epc of n-doping for PBRHEBT was 1.96 V and reversibility was poor with
only a small oxidation peak observed at -1.80 V (Figure 3.4). When sweeping
from 0 V ! 1.3 V ! 0 V ! -2.2 V ! 0 V, the n-doping totally lost its reversibil-
ity (Figure 3.5). Polymer of BRHEBT prepared from BF3¢OEt2 was scanned to
negative potential to study its n-doping properties in Bu4NBF4=CH3CN. How-
ever, no redox reaction was observed when sweeping to -2.0 V. This might due to
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Figure 3.4: CV of n-dope of PBRHEBT (prepared from Bu4NBF4/CH3CN)
in 0.1 M monomer free Bu4NBF4/CH3CN, scan rate: 50 mV s¡1.
CVs of the polymers of disubstituted bithiophenes by halogen did not display an
apparent oxidation peak in the ¯rst cycle, indicating the existence of large non-



















E (mV) vs SCE
Figure 3.5: CV of p- and n- dope of PBRHEBT in 0.1 M monomer free
Bu4NBF4/CH3CN, scan rate: 50 mV s¡1.
high potential during anodic sweep tends to induce capacitive charging. High
onset oxidation potential of polybithiophenes with electron-withdrawing halogen
group could account for the occurrence of large capacitive charging current. Cur-
rent plateau dramatically decreased upon potential scanning. The Epa s could be
determined from second cycle of CV in BF3¢OEt2 to be 0.73, 0.98 and 1.2 V for
PDCLBT, PDBRBT and PDIBT respectively (Figure 3.6), which were greatly
lower than those >1.45 V in Bu4NBF4=CH3CN. p-Doping of PDBRBT and
PDIBT were stable and reversible. Upon cycling, charging current of PDBRBT
decreased and redox peak became more distinguishable. In the case of PDIBT,
diminishing of charging current was not as much as that of PDBRBT, which is
possibly due to the more bulky iodine atoms. PDCLBT, however, showed a less
stable and reversible p-doping process, which involved much less redox charge.
Polymer quickly lost in the following cycling. This might due to the unfavored
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interaction between chlorine and BF3¢OEt2.
For polybithiophenes symmetrically disubstituted by alkylthio and alkyl group,
both depicted p- and n- dopability in Bu4NBF4=CH3CN. While in BF3¢OEt2,
PDSOCBT and PDOCBT showed more facile p-doping ability (Figure 3.7) and
stability. Epa and Epc of PDSOCBT were 0.66 V (Epa), 0.58 V (Epc) in Bu4NBF4=CH3CN
and 0.53 V (Epa), 0.23 V (Epc) in BF3¢OEt2. Epa and Epc of PDOCBT were 0.98
V (Epa), 0.89 V (Epc) in Bu4NBF4=CH3CN and 0.80 V (Epa), 0.58 V (Epc) in
BF3¢OEt2 (Figure 3.7). The polymers were stable and chemically reversible dur-
ing the p-doping process with no obvious change observed after 10 cycles. In the
case of POBUBT, since the polymer or oligomer dissolved into the solution and
no polymer ¯lm was obtained on the electrode surface, no CV curve of polymer
in monomer-free solution was available.
In summary, BF3¢OEt2 facilitates the p-doping process of polybithiophenes with
di®erent substituents. The electrophilic property of BF3¢OEt2 strongly catalyzes
the oxidation of polymers on the electrode to form polaron or bipolaron that
results in a much lower oxidation potential. The polymers doped by BF3 have
shown good stability and reversibility upon redox cycling. BF3 is speci¯cally
useful for those with halogen substituents, whose otherwise oxidation peak could
not be deconvoluted in conventional Bu4NBF4=CH3CN since the high oxidation
potential induces large capacitive charging current. However, BF3 has shown the
converse e®ect in those polybithiophenes with alkoxyl and chlorine substituents














































Figure 3.6: CV of p-dope of (A) PDCLBT, (B) PDBRBT and (C) PDIBT





























E (mV) vs SCE
Figure 3.7: CV of p-dope of (a) PDOCBT and (b) PDSOCBT in monomer
free BF3¢OEt2, scan rate: 50 mV s¡1.
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3.3.2 Electrolyte in the Electrochemical Syntheses and
Electrochemical Properties of Halogen Symmetri-
cally Disubstituted Polybithiophenes
To further elucidate the e®ect of BF3¢OEt2 on the polymerization and p-doping-
dedoping process, those bithiophenes with high oxidation potential were studied
to provide comparative data. Polymers of DBRBT and DIBT were obtained
from galvanostatic method with a total charge of 50 mC in either BF3¢OEt2 or
Bu4NBF4/CH3CN. Samples \a" represent those polymers prepared and doped in
BF3¢OEt2; samples \b" for those prepared and doped in Bu4NBF4/CH3CN and
samples \c" for those prepared in Bu4NBF4/CH3CN while doped in BF3¢OEt2.
As we discussed earlier, PDBRBT and PDIBT displayed more facile p-doping
in BF3¢OEt2 than in Bu4NBF4=CH3CN with lower oxidation potential, less non-
Faradaic current, better stability and reversibility.
For DBRBT, its polymer prepared and doped in BF3¢OEt2 depicted a pair of well-
resolved redox peaks as shown in Figure 3.8 a. Typical CV of PDBRBT prepared
and obtained in Bu4NBF4=CH3CN (Figure 3.8 b), however, showed poor electro-
chemical reactivity, which was re°ected in the unresolvable oxidation peak and
less Faradaic charge involved. PDBRBT synthesized in Bu4NBF4=CH3CN was
able to conduct reversible redox reaction in BF3¢OEt2, however, with a slightly
increased oxidation potential (see inserted ¯gure). What worth nothing is signif-
icantly decreased Ip involved in this process. This indicates that overoxidation
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Figure 3.8: CV of p-dope of PDBRBT prepared (a) from BF3¢OEt2 in
monomer free BF3¢OEt2, (b) from 0.05 M Bu4NBF4/CH3CN in 0.1 M
monomer free Bu4NBF4/CH3CN and (c) from 0.05 M Bu4NBF4/CH3CN
in monomer free BF3¢OEt2, scan rate: 50 mV s¡1.
As for PDIBT, sample a showed a well-resolved redox pair with Epa at 1.20
V and Epc at 1.00 V. Whilst sample c displayed no redox signal (Figure 3.9),
indicative of total lost of its electrochemical activity. This suggests that polymer
integrity is totally destroyed under extreme high potential during the synthesis
in Bu4NBF4=CH3CN.
All these experimental results have shown us that the high oxidation potential in
the course of polymerization in Bu4NBF4=CH3CN induces deteriorating side re-
action and overoxidation which result in the poor quality of polymers. BF3¢OEt2
o®ers better performance compared to Bu4NBF4=CH3CN in catalyzing the poly-
merization to occur under much lower oxidation potential and consequently di-
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Figure 3.9: CV of p-dope of PDIBT prepared (a) from BF3¢OEt2 in
monomer free BF3¢OEt2 and (c) from 0.05 M Bu4NBF4/CH3CN in monomer
free BF3¢OEt2, scan rate: 50 mV s¡1.
degree of conjugation, higher electrochemical activity and improved mechanical
property [84].
3.3.3 Optical Properties of Resulting Polymers
UV-vis spectra of both doped and dedoped polymers in ¯lm state were recorded.
¸max of polymers were summarized in Table 3.2.
In general, polythiophenes with oxygen or sulfur atoms directly attached to the
3-position of the aromatic ring, have lower ¼ ¡ ¼¤ transition energy than poly-
thiophene and poly(3-alkyl-thiophene).
Thin ¯lm of P3BRBT electrodeposited on ITO glass in Bu4NBF4=CH3CN media
depicted a ¼ ¡ ¼¤ absorption maximum (¸max) at 452 nm with onset at ca 600
nm. The high ¼ ¡ ¼¤ transition energy arises from electron withdrawing e®ects
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of pendant bromide. It is noteworthy that the ¯lms prepared from BF3¢OEt2
media depicted ¸max (498 nm) with a red shift of 46 nm in comparison to that of
the ¯lms formed in Bu4NBF4=CH3CN media (Figure 3.10). In addition to this
absorption maximum, two other well-resolved absorption peaks were observed at
455 and 511 nm, ascribable to C = C stretching vibrational mode that is expected
to couple strongly to the electronic structure [208]. These vibrational peaks in the
optical absorption spectrum are additional evidence for the presence of a linear
and regular structure in polymer backbone. Upon doped in BF3¢OEt2, P3BRBT
demonstrated two additional absorption maximum at 663 nm and ca 1200 nm,
which are suggestively responsible for the existence of polaron and bipolaron
species in the doped state. The glitch at around 861 nm is instrumental noise, at
which light source changes from visible range to near IR range.
The converse was observed for P3OMEBT. Thus, ¯lm prepared from Bu4NBF4=CH3CN
media exhibited lower ¼ ¡ ¼¤ transition energy with ¸max at 517 nm with two
vibration bands at 478 and 570 nm. This high conjugation degree is attributed
to the electron donating e®ects of pendant methoxy group. In contrast, due to
the strong interaction of BF3 with the methoxy group, P3OMEBT ¯lm prepared
from BF3¢OEt2 depicted a 40 nm blue shift in the absorption maximum from that
obtained in Bu4NBF4=CH3CN media. Doped P3OMEBT showed a ¸max at ca
600 nm, which is about 100 nm blue shifted in comparison to that of doped PBT.
This also suggests the interior quality of P3OMEBT prepared in BF3¢OEt2.
The absorption spectrum of P3OCBT generated from Bu4NBF4=CH3CN exhib-
ited a similar ¸max at 476 nm to that of the parent PBT, indicative of diminish-
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Table 3.2: UV-vis absorption of polymers.
Polymer ¸max of polymers (neutral) ¸max of polymer (p-doped)
BF3¢OEt2 Bu4NBF4/CH3CN BF3¢OEt2
PT 487 - 469, 727, > 1700
PBT 501 476 450,482,519, 700
P3OCBT 498 476 476, 725, > 1700
P3OMEBT 477 498, 517, 570 367, 413, 473, 607, » 1100
P3BRBT 455, 498, 511 452 483, 663, » 1200
PDCLBT 447, 480, 520 438 470,685, » 1600
PDBRBT 402 412 424, » 1400
PDIBT 395 383 400, 780, » 1700
PDOCBT 460 465 414,440,466, 616
PDSOCBT - 468 -











































Figure 3.10: UV-vis-NIR spectra of (A) PBT, (B) P3OCBT, (C) P3OMEBT
and (D) P3BRBT in (a) dedoped and (b) doped state in BF3¢OEt2.
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ing e®ect of the opposing electronic and steric e®ects. The ¯lm prepared from
BF3¢OEt2 showed slightly improved optical property with a ¸max at 498 nm, which
is 18 nm blue shifted from that prepared from Bu4NBF4=CH3CN. For BF3¢OEt2
doped PBT and P3OCBT, two peaks at ca 700 nm and > 1700 nm appeared,
which are contributed by creation of polaron and biopolaron upon doping.
BF3¢OEt2 doped PBRHEBT, shows a ¸max at 472 nm, which is 26 nm blue shifted
in comparison to that of mono-octyl substituted PBT and 25 nm blue shifted in
comparison to that of unsubstituted PBT. This is due to the introduction of
bromide group, which plays unfavored steric and electronic roles on the polymer
conjugation system.
For other symmetrically di-substituted polybithiophenes, ¸max decreases in an
order of PBT > PDCLBT > PDOCBT > PDBRBT > PIBT prepared from
BF3¢OEt2 (Figure 3.11). This trend is in general consistent with that derived from
electrochemical analysis. Steric e®ect plays a dominating role in the conjugation
level of polymers. Polymers prepared in BF3¢OEt2 generally show improved opti-
cal property to those prepared in Bu4NBF4=CH3CN. PDBRBT, however, shows
similar ¸max in BF3¢OEt2 and Bu4NBF4=CH3CN.
These observations suggested the important role that electrolytic media play in
polymerization process, which has an important bearing on the properties of the
resulting polymers. Obviously, application of BF3¢OEt2 as the electrolytic media
is bene¯cial for preparation of polythiophenes with electron-withdrawing pendant
groups since the strong electron withdrawing e®ect of this Lewis acid dramatically




































Figure 3.11: UV-vis-NIR spectra of (A) PDCLBT, (B) PDBRBT and (C)
PDIBT in (a) dedoped and (b) doped state by BF3¢OEt2.
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and other side reactions. Thus, the resulting polymer exhibits superior quality
to that from the conventional Bu4NBF4=CH3CN media. However, P3OMEBT
from BF3¢OEt2 a®orded a less favorable polymerization approach in comparison
to that from Bu4NBF4=CH3CN since the complex of pendant oxygen atom and
BF3 resulted in a higher monomer oxidation potential and consequently some
deleterious side reactions which reduce the conjugation of the resulting polymer.
In the case of PBT or P3OCBT which contains alkyl moiety with moderate
electronic donating e®ect, relatively higher oxidation potentials of the monomers
in Bu4NBF4=CH3CN are still appropriate for the electropolymerization reaction.
Therefore, the e®ect of BF3¢OEt2 on the resulting polymer quality is insigni¯cant.
In conclusion, BF3¢OEt2 is a promising electrolytic medium in facilitating the
polymerization process and improving the quality of resulting polymers for those
monomers with high oxidation potential under which the oxidation of monomer
isn't applicable or only poor quality polymer obtainable in conventional media.
3.3.4 XPS Study of Polymers Prepared from BF3¢OEt2
XPS gives valuable information about the dopant species and its interaction with
polymer backbone through identifying di®erent chemical environments of selected
elements. In this study, PBTs doped by BF3 or BF
¡
4 were studied. Photoelectron
peaks arise from C(1s), S(2p), halogen originating from polymer backbone and
B(1s), F(1s) from the dopants. Due to the low sensitivity of B(1s), quantita-
tive analysis of dopant is di±cult. Nevertheless, analysis of F(1s) photoelectron
peak can give important information on surface structure and charge location in
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polymers.
For C(1s), typically two di®erent carbon environments are identi¯ed at binding
energies at 284.6 eV and 286.0 eV (as shown in Figure 3.12). The main peak
(284.6 eV) is attributed to C-C, C=C and C-S species. The weak peak at 286.0
eV corresponds to C-O or the C-Cl. The third peak at 287.6 eV may appear due
to the presence of C=O (not present in this work). S(2p) envelop is ¯tted with
sulfur doublet [S(2p)3=2, S(2p)1=2] for ring sulfur with spin orbit splitting of 1.0
eV and area ratio of 2:1. Generally, binding energy of S(2p)3=2 is at about 164.0
eV (FWHM = 1.30 eV). Oxidized sulfur S+(2p)3=2 has a binding energy of 165.4
eV (FWHM = 1.80 eV). The amount of S+(2p)3=2 is the indication of doping
extend.
Figures 3.12 and 3.13 show the C(1s) and S(2p) spectra of PBT in neutral state or
doped by BF3 or BF
¡
4 . In general, elements tend to be oxidized in doping process
(oxidation of polymer backbone). Therefore, the elements in doped polymer
usually contain more oxidized components. Table 3.3 summarizes the C(1s) and
S(2p) in PBT doped by BF3 or BF
¡
4 . In comparison to the polymer doped by
BF¡4 , those doped by BF3 depict less oxidation extent. This ¯nding is consistent
with other results since both the syntheses and doping of polymers are under lower
potential in BF3¢OEt2, which could minimize overoxidation or side reactions.
More information about dopant and its interaction with polymer can be obtained
when we study the F(1s) and B(1s) spectra. Figure 3.14 shows di®erent chemical
environment of F(1s) in PBT after undergoing di®erent processes. F(1s) environ-
















Figure 3.12: XPS spectra of C(1s) and S(2p) of (A) BF3 doped PBT, (B)
dedoped PBT prepared from electrosynthesis in BF3¢OEt2.
Table 3.3: Surface elements of PBT doped by BF3 and BF
¡
4 .
Elements PBT doped by BF3 PBT doped by BF
¡
4
BE (eV) % BE (eV) %
C(1s) (C-C, C=C, C-S) 284.6 88 284.6 82
C(1s) (C-O) 286.0 12 286.0 14
C(1s) (C=O) - - 287.6 5
S(2p)3=2 (thiophene) 163.8 90 163.8 87
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Figure 3.13: XPS spectra of C(1s) and S(2p) of (A) BF¡4 doped PBT, (B)
dedoped PBT prepared from electrosynthesis in Bu4NBF4/CH3CN.
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For PBT prepared and doped in BF3¢OEt2 (Figure 3.14A), F(1s) envelop shows
two chemical environment at 685.0 and 687.2 eV with area of 45% and 55%
respectively. The peak at 687.2 eV is ascribed to BF3¢OEt2. When the poly-
mer prepared in BF3¢OEt2 was dedoped under negative potential (Figure 3.14C),
the peak at 687.2 contributed by BF3¢OEt2 becomes absent whilst the peak at
685.0 eV arising from BF¡4 remain untouched. It is interesting to note that BF
¡
4 ,
which may arise from transformation of BF3¢OEt2 during polymerization, can
stay in polymer backbone even under reduction environment. The polymer pre-
pared in Bu4NBF4/CH3CN in the doped state (Figure 3.14B) depicts one peak
corresponding to BF¡4 ion and that in neutral state does not have F(1s) photo-
electron spectrum. Figure 3.14D displays F(1s) spectrum of polymer which was
prepared from Bu4NBF4/CH3CN and then redoped by BF3¢OEt2. During the
doping process by BF3¢OEt2, two species of BF3¢OEt2 and BF¡4 were generated
and incorporated into the polymer matrix. It seems both two species contribute
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Figure 3.14: XPS spectra of F(1s) of (A) BF3 doped PBT, (B) BF
¡
4 doped




This chapter studies the electrochemical, optical and doping properties of poly-
thiophenes prepared from BF3¢OEt2. As discussed in Chapter 2, the employment
of BF3¢OEt2 enables the electrochemical polymerization of bithiophenes to occur
at a lower potential in comparison to that in conventional electrolytic media. The
polymers thus obtained depict improved electrochemical and optical properties.
BF3¢OEt2 exists in the polymer matrix as BF3¢OEt2 and BF¡4 species, while both








Spontaneously adsorbed organic monolayer ¯lms have received considerable at-
tentions in recent years arising from their well-organized and stable structure,
conceptual simplicity, ease of preparation and portability.
Of various organic monolayer systems investigated, a great deal of work has fo-
cused largely on organothiol-containing monolayers with polymerizable units on
Au, Ag and Cu surfaces. These interests were driven in part by spontaneous
monomer immobilization on these surfaces and the subsequent facile formation of
two-dimensional polymeric structures on the surfaces by electrochemical or other
polymerization techniques. Thus, several groups have reported the synthesis of
well-de¯ned polymers from self-assembled monomers (SAMs) on gold or other
coinage metal electrodes incorporating thiol moieties. McCarley and co-workers
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[209, 210, 211] have reported the use of monolayers of !-(N-pyrrolyl)alkanethiols
on gold that are readily polymerized electrochemically. The as-synthesized poly-
mer monolayer was thereafter shown to have excellent adhesive ability on the
gold electrode. Meanwhile, other groups particularly that of Collard [212] have
reported their studies on isomeric !-(3-pyrrolyl)alkanethiols self-assembled on Au
surface which also a®orded polymeric monolayers. In yet another strategy, the
application of SAM monomers incorporating diacetylenic moieties were shown
to be photopolymerizable in a lateral fashion by UV radiation to a®ord durable
polymeric ¯lms [213].
In addition to the above-mentioned e®orts on the surface polymerization of monomer
monolayers into ultrathin polymer ¯lms, and an alternative approach involving
direct reaction of polymers with suitable reactive pendant groups onto already
modi¯ed surfaces with selected SAMs containing reactive moieties was also re-
ported [214, 215, 216]. Examples of this approach would include the covalent an-
choring of poly[1-methylvinyl-isocynate)-alt-maleic-anhydride] [214], polypyrrole
[215] and polyaniline [216] onto SAMs modi¯ed surfaces. The direct self-assembly
of thiophene oligomers [125] and polythiophene [217, 218] have been reported.
Well-ordered SAMs of unfunctionalized thiophene on Au(111) have been prepared
by immersing an evaporated thin ¯lm of gold on mica support into an ethanolic
solution of thiophene [123]. There is no focused e®ort to date, to our knowledge,
devoted to the chemisorption and polymerization of thiophenes functionalized
with di®erent electron donating or withdrawing groups. It is anticipated that,
arising from a stronger interaction of pendant -SH groups with Au compared to
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the sulfur atom in the thiophene nucleus, more durable polythiophenes ¯lms will
be produced. Such durable polythiophene ¯lms would be of particular signi¯cance
considering their importance in device fabrication [109, 115, 219, 220].
This chapter describes the formation and polymerization of a chemisorbed mono-
layer of 5-mercapto-2,2'-bithiophene (5SHBT) as well as the electrochemical graft-
ing of 3,3'-dibutoxy-2,2'-bithiophene (DOBUBT), 3,3'-dioctylthio-2,2'-bithiophene
(DSOCBT), 2,2'-bithiophene (BT) and 3,3'-dibromo-2,2'-bithiophene (DBRBT)
onto the monolayers of 5SHBT. Structures of those compounds are shown in
Figure 4.1. In this novel monolayer system, the bithiophene moiety is directly
linked to the gold electrode via the thiol group which would permit a facile elec-
tron transfer from the electrode to the thienylene ring through the pendant sul-
fur atom. This chapter also elucidates the use of chemisorbed monolayer with
bithiophene moieties on the gold electrode for the polymerization of a series of
bithiophene and substituted bithiophenes with di®erent monomer oxidation po-
tentials. We aim to control and optimize the polymerization process to provide
polymers with greatly improved electrical properties.
4.2 Experimental
4.2.1 Self-Assembled Thienylthiolate Monolayer on Poly-
crystalline Au Electrode
Gold mirror coated glass slides were purchased from Bio-Rad Laboratories, Cali-
fornia, USA and cut into 1 cm£2.5 cm pieces for the experiments. The electrodes






















Figure 4.1: Structure of 5SHBT and monomers for electrochemical poly-
merization.
drying under nitrogen °ow. The gold mirror electrode was then immersed into 1
mM 5SHBT in ethanol or toluene solution for 40 min. Thereafter, the 5SHBT
modi¯ed gold electrode was rinsed copiously with ethanol or toluene respectively
to remove surplus non-chemisorbed monomers on the surface, dried by nitrogen
°ow and kept in vacuum for further use.
4.2.2 Electrochemical Polymerization on Modi¯ed Elec-
trode
Setup of three-electrode electrochemical cell was the same as described in Chap-
ter 10. Electrochemical polymerization of 3-octylthiophene (3OCT), DOBUBT,
DSOCBT, BT and DBRBT were carried out on the modi¯ed or bare gold elec-
trode in 0.05 M Bu4NBF4=CH3CN with monomer concentration of 0.05 M. BF3¢OEt2,
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however, is not suitable for this study because BF3¢OEt2 is highly corrosive. It
destroys the integrity of gold mirror electrode. Galvanostatic method with cur-
rent density of 1 mA cm¡2 or potentiostatic method with scan rate of 50 mV s¡1
were used for polymerization. Polymer ¯lm coated electrodes thus obtained were
rinsed by chloroform to remove the physically attached species before drying in
nitrogen stream.
4.3 Results and Discussions
4.3.1 Formation of Self-Assembled Thienylthiolate Mono-
layer on Au Electrode
Self-assembled 5SHBT monolayer on gold surface was readily formed by the sim-
ple dip coating technique. Figure 4.2 suggests a highly ordered self-assembled
monolayer of 5SHBT formed on gold surface by Au-S linkage. The rigidity of
5SHBT molecules facilitates the formation of well-ordered monolayer structure.
Meanwhile, exposure of ® positions of 5SHBT monolayer provides the reaction























Figure 4.2: Schematic illustration of surface orientation of 5SHBT mono-
layer on Au electrode.
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4.3.2 Monolayer Characterization by XPS
Figure 4.3 shows the S(2p) and Au(4f) spectra of 5SHBT chemisorbed on the
gold surface. The environment of S(2p)3=2 and S(2p)1=2 at 163.8 and 164.8 eV
is attributed to the thiophene ring sulfur [183]. An addition pair of peaks arises
at the binding energy of 162.0 and 163.0 eV, which is corresponding to Au-S
bond [221]. The presence of this sulfur species con¯rms the formation of 5SHBT
monolayer through gold-sulfur interaction. In contrast, no sulfur was detected for
the gold surface prior to chemisorption. Additional sulfur environment with BE at
165.4 eV is ascribed to the oxidized sulfur [183]. As shown in Table 4.1, the areas
for S(2P)2=3 BEs of 162.0, 163.8 and 165.4 are 29.4, 64.7 and 5.9% respectively.
Area ratio of thiophene sulfur to Au-S sulfur is 2.2:1, which is consistent with
5SHBT structure, which is 2:1. Au(4f) spectrum was ¯tted into three pairs of
Au(4f)7=2 and Au(4f)5=2 at di®erent chemical environments. The peak at 84.0 eV
is corresponding to Au zero covalent state. Two environments at higher BE are
due to Au(I) at 84.8 and Au(III) at 86.3 eV [148]. Areas corresponding to Au
0, I and III are 78.8, 17.6 and 3.6% respectively. The presence of two oxidation











Figure 4.3: S(2p) and Au(4f) spectra of 5SHBT monolayer on Au electrode.
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Table 4.1: Binding energy of di®erent sulfur





Oxidized thiophene 165.4 5.9
4.3.3 Cyclic Voltammetry of Ferrocyanide on Chemisorbed
Monolayer Modi¯ed Au Electrode
Electrochemical characteristics of 5SHBT monolayer was investigated by the re-
dox process of an aqueous ferrocyanide solution (Fe(CN)4+6 in 0.5 M Na2SO4).
Figure 4.4 depicts the voltametric response prior to and after the chemisorption
of 5SHBT onto the electrode. A reversible redox of Fe(CN)4+6 / Fe(CN)
3+
6 with
a peak-to-peak separation (¢E ) of 74 mV was found for the bare gold electrode
whilst this redox response totally lost on the 5SHBT modi¯ed Au electrode at
the ¯rst cycle, indicating the impediment of electron transfer by the presence of
5SHBT monolayer. Upon repeated cycling up to 50 cycles, no signi¯cant change
in the electrochemical response was observed. The surface coverage of 5SHBT
was ca 60%. In comparison to the monolayer of 3SHBT on Au electrode surface,
on which Fe(CN)4+6 / Fe(CN)
3+
6 redox response was only partially impeded at ¯rst
cycle [222], the monolayer of 5SHBT exhibited much more ordered and compact
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Figure 4.4: Voltametric response of 5.0 mM Fe(CN)4+6 in 0.5 M Na2SO4
aqueous solution on (a) bare Au electrode, 5SBT monolayer covered Au
electrode for (b) ¯rst and (c) 50th at scan rate of 50 mV s¡1.
4.3.4 Atomic Force Microscopy of Chemisorbed Mono-
layer
Corroborating evidence for the presence of a chemisorbed 5SHBT monolayer on
gold surface was further provided by Atomic Force Microscopy (AFM) studies.
3D height images of bare gold surface and gold surface with chemisorbed 5SHBT
monolayer are shown in Figure 4.5. In comparison to the image of 5SHBT mono-
layer modi¯ed gold surface, that of bare gold surface is clearly seen to be °atter.
Figure 4.6 shows the 2D phase images of bare gold surface and that with 5SHBT
monolayer. A relatively more homogenous image is clearly discernible on the








Figure 4.5: 3D height AFM images of (A) 5SHBT monolayer modi¯ed and
(B) bare gold mirror surface.
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Figure 4.6: 2D phase AFM images of (A) 5SHBT monolayer modi¯ed and
(B) bare gold mirror surface.
4.3.5 Electrochemical Polymerization of Bithiophenes on
Thienylthiolate Monolayer Modi¯ed Au Electrode
Poly (3-octyl-thiophene) (3OCT) was electrochemically deposited on the bare
and the 5SHBT monolayer modi¯ed gold electrode in 0.05 M Bu4NBF4=CH3CN.
CE curves at a current density of 1 mA cm¡2 are shown in Figure 4.7. During
the initial stage of reaction, potential for nuclei formation on 5SHBT modi¯ed
electrode was slightly lower than that on bare gold surface. As we know, oxidation
potential of bithiophene at 1.15 V (CE of a current density of 1 mA cm¡2) is
lower than that of 3-butyl-thiophene at 1.58 V. Therefore, the results suggest
that the formation of radical cation may ¯rstly on the ® position of those well-
ordered thienylene molecules perpendicularly anchored on the electrode surface
and provide the nuclei for the polymer to grow from this speci¯c direction. Hence,
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the presence of 5SHBT monolayer could e®ectively control the polymer to be

















Figure 4.7: CE for polymerization of 3OCT on the (a) 5SHBT modi¯ed and
(b) unmodi¯ed Au electrode surface in 0.05 M Bu4NBF4/CH3CN.
Monomers of bithiophene (BT) and its derivatives 3,3'-dibutoxy-2,2'-bithiophene
(DOBUBT), 3,3'-dioctylthio-2,2'-bithiophene (DSOCBT) and 3,3'-dibromo-2,2'-
bithiophene (DBRBT) were also grafted on the 5SHBT modi¯ed electrode surface
to further study the e®ect of monolayer on the polymerization process. The ease
of polymerization of various monomers in the solution determine the role of BT
monolayer on the process of polymerization.
As shown in Figure 4.8, time required for BT monomer on 5SHBT modi¯ed gold
electrode to be depronated for the polymerization to occur was slightly shorter
than that on unmodi¯ed electrode. As the species anchored on the electrode
surface was the same as those free state in the solution, there was no di®erence
in monomer oxidation potential. More e±cient nucleation of reactive cites on
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the modi¯ed electrode can be explained by the fact that the oxidation of surface
bonded species is faster since there is no time required for them to di®use to the
electrode surface in comparison to those in the solution. Therefore, as we can
















Figure 4.8: CE for polymerization of BT on the (a) 5SHBT modi¯ed and
(b) unmodi¯ed Au electrode surface in 0.05 M Bu4NBF4/CH3CN.
In the case of DOBUBT, whose monomer oxidation potential (0.63 V) is much
lower than that of BT (1.15 V), the polymerization on the 5SHBT modi¯ed
gold electrode exhibited negligible di®erence in comparison to that on bare gold
electrode. A slightly higher oxidation potential for polymerization is due to the
reduced e®ective electrode surface incurred by the chemisorption of 5SHBT mole-
cules. Therefore, it could be inferred that the surface bonded BT moieties do not
take part in the polymerization process of DOBUBT since the DOBUBT is much
















Figure 4.9: CE for polymerization of DOBUBT on the (a) 5SHBT modi¯ed
and (b) unmodi¯ed Au electrode surface in 0.05 M Bu4NBF4/CH3CN.
For DSOCBT, whose monomer oxidation potential (1.00 V) is close to that of BT
(1.15 V), its potential-time response is very similar to that of BT on the 5SHBT
monolayer covered gold electrode or bare electrode when 1 mA cm¡2 current
was applied. The time required for polymerization to occur was shorter on the
modi¯ed electrode than that on bare electrode. Whilst the oxidation potential
for polymerization was the same. As explained in the case of BT, the 5SHBT
as the surface bonded species forms radical cation for solution phase monomers
that di®use to the electrode surface to be polymerized.
Polymerization process of DBRBT is similar to that of 3OCT since they have
much higher monomer oxidation potential in respect to that of BT. As shown in
Figure 4.11, CE curves for the polymerization of DBRBT had the same feature
as that of 3OCT. The ease of oxidation of BT monomer on the electrode surface
















Figure 4.10: CE for polymerization of DSOCBT on the (a) 5SHBT modi¯ed
and (b) unmodi¯ed Au electrode surface in 0.05 M Bu4NBF4/CH3CN.
In summary, 5SHBT monolayer modi¯er on the electrode surface can be uti-
lized to control the polymerization process of bithiophene with di®erent pedant
group. For those monomers with similar or higher oxidation potential in com-
parison to BT, the polymerization are initiated by the radical cation formed in
the surface-bound BT molecules. Therefore, the polymerization process can be
well-controlled and the resulting polymer is well-ordered. Nevertheless, 5SHBT
monolayer does not a®ect the polymerization of those with much lower oxidation
potential, such as DOBUBT.
4.3.6 CV of Polymer-coated Electrode Rinsed by Organic
Solvent
Figure 4.12 depicted the cyclic voltammogram of PBT on 5SHBT modi¯ed or
bare gold surface after rinsing in THF. It was expected that polymers grown on

















Figure 4.11: CE for polymerization of DBRBT on the (a) 5SHBT modi¯ed
and (b) unmodi¯ed Au electrode surface in 0.05 M Bu4NBF4/CH3CN.
polymers grown on 5SHBT modi¯ed electrode would remain on the electrode
due to the strong covalent bonding. However, on account of the relatively poor
solubility of PBT in THF, only those loosely packed materials were removed.
Nevertheless, the electrochemical feature of those polymers remained on modi-
¯ed or unmodi¯ed electrode displayed signi¯cant deference. As shown in Figure
4.12b, PBT prepared on bare gold electrode displays a redox process totally irre-
versible. As for PBT prepared on 5SHBT monolayer modi¯ed electrode, shown
in Figure 4.12b, a quasi-reversible redox pair was found with the oxidation po-
tential of 0.81 V and the charging current was signi¯cantly smaller than that on
bare gold electrode. In comparison to Epa at 1.05 V for PBT prepared on Pt
electrode, our polymer deposited on the 5SHBT modi¯ed electrode was easily
p-doped, indicative of longer conjugation lengths. This provides strong evidence
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that 5SHBT monolayer has acted as the nucleus in the initial stage of polymer-
ization and consequently control the growth of polymers in an perpendicular or
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Figure 4.12: Cyclic Voltammetry of PBT deposited on (a) 5SBT monolayer
covered Au electrode, (b) bare Au electrode after rinsing in THF in 0.1 M
Bu4NBF4/CH3CN at scan rate of 50 mV s
¡1.
PDOBUBT obtained on the 5SHBT modi¯ed or bare gold electrode surface did
not show any redox feature after rinsing in THF, which is supported by the
fact that physisorbed polymers were washed o® by THF. This observation lends
support to the conclusion made that the bithiophene moieties bonded on the
electrode surface has not taken part in the polymerization since its monomer oxi-
dation potential is much high than that of DOBUBT in the solution. As a result,
the polymers were just attached to the electrode surface through physisorption
and easily been wash o® in THF for its good solubility in THF.
As for PDBRBT, its cyclic voltammogram on modi¯ed surface displayed much
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improved redox feature comparing to that on unmodi¯ed electrode. A oxidation
peak at 1.30 V was observed whilst no evident peak observable for that on bare
gold surface. Epa of 1.30 V is also much lower than polymer prepared on Pt
electrode in Bu4NBF4=CH3CN, which is due to the longer conjugation length in-
duced by the polymerization process in a well-controlled way. The surface-bonded
bithiophene molecules have been con¯rmed to be oxidized to form radical cation
as the base of polymer to grow on the electrode surface through chemisorption.
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Figure 4.13: Cyclic Voltammetry of PDBRBT deposited on (a) 5SBT mono-
layer covered Au electrode, (b) bare Au electrode after rinsing in THF in




In conclusion, 5SHBT can readily form a compact monolayer onto polycrystalline
Au surface through Au-S linkage. The bithiophene molecules are bonded to the
surface to provide a reactive ®-thienylene position to form reaction nucleus to
trigger polymerization of bithiophenes which di®use to the electrode surface from
solution. The well-controlled growth of polymers with extended conjugation are
chemisorbed on the electrode surface via the pre-anchored monolayer. However
for those monomers with much lower oxidation potential in the solution, nucle-
ation via the surface-bonded species does not happen since it requires much high
potential to form the radical cation. Therefore, the polymers just deposit on the




Aqueous Au Nanoparticles on
ITO Glass for Electrochemical
Polymerization of Bithiophene
5.1 Introduction
Self-assembly of nanostructured materials to a®ord an ordered arrangement of
two-dimensional or three-dimensional superlattice has become an interesting tar-
get in the area of nanotechnology. The self-assembly based on the a±nity of gold
atom with nitrogen, sulfur and cyanide has been actively investigated [109, 223].
However, most of the interest is mainly concerned with the self-assembly of thiol
or cyanide compounds on the planar gold surface. Only recently, self-assembly
of gold nanoparticles, in particular those prepared by citrate reduction, on the
silanized surface has been studied [224]. Another research e®ort was dedicated to
achieving a transition of quantum e®ect to bulk metal properties by introduction
of a terminally bifunctionalized linkage [225, 226].
In this chapter, we have studied the self-assembly behavior of aqueous gold
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nanoparticles onto a ITO glass using !-aminopropyl-triethoylsilane. 5-mercapto-
3,3'-bithiophene was subsequently chemosorbed onto colloidal Au nanoparticle
modi¯ed electrode. Polymerization of bithiophenes on those various modi¯ed
electrodes has been carried out. Electrochemistry, UV-vis spectroscopy, Atomic
Force Microscopy and X-ray Photoelectron Spectroscopy were used for charac-
terization.
5.2 Experimental
Preparation of gold colloid. In a 100 ml round bottom °ask (RBF) equipped
with a condenser, 50 ml of 1 mM HAuCl4 was brought to a rolling boil with
vigorous stirring. Rapid addition of 5 ml of 38.8 mM sodium citrate to the
vortex of the solution resulted in a color change from pale yellow to burgundy.
Boiling was continued for 10 min. The heating mantle was then removed, and
stirring was continued for another 15 min.
Preparation of silane-modi¯ed SnO2 electrode. ITO glass (0.9 £ 2.5 cm)
was cleaned in a Piranha solution comprising 1 part of 30 % H2O2 and 4 parts of
98 % H2SO4 at 70 ±C for 20 minutes. Afterwards, ITO glass was rinsed thoroughly
in turn by distilled water, hexane and ethanol before they were put into the 1:4
in volume !-aminopropyl-triethoylsilane and ethanol (anhydrous) mixture for 24
hrs. The modi¯ed ITO glass was then carefully and thoroughly rinsed by ethanol
to remove the unanchored moiety before drying by nitrogen stream and stored in
ethanol.
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Preparation of self-assembled Au aqueous colloids onto SnO2 electrode.
By simply dipping the cleaned ITO glasses premodi¯ed with !-aminopropyl-
triethoylsilane into the Au aqueous colloidal solution for 24 hrs, self-assembled
Au nanoparticle layers were obtained. Afterwards, they were amply rinsed by
distilled water and dried under nitrogen stream prior to use.
5.3 Results and Discussion
5.3.1 Self-assembly of Aqueous Au Nanoparticles on Silanized
ITO Glass Electrode
In this chapter, bare ITO glass electrode, silanized ITO glass electrode, Au
nanoparticle modi¯ed silanized ITO and 5SHBT covered gold microelectrodes on
the silanized ITO glass were referred to as ITO, ITOS, ITOSA and ITOSASBT
respectively. Figure 5.1 illustrates the formation of those multilayer function-
alities on ITO glass. The ¯rst layer is silane compound, which is well known
to be self-assembled to ITO glass through the Si-O linkage. The colloidal gold
particles used are 13 nm in diameter measured by TEM and depict a character-
istic plasma resonance ca 520 nm by UV-vis absorption spectrophotometer. The
gold nanoparticles are attached to the silanized ITO glass through the covalent
bonding of Au atom and NH2 group provided by the silane compound. The mod-
i¯ed ITO glass depicted a visible purplish blue color, indicating a coalescence of
Au nanoparticles in the solid state. The third monolayer of thienyl thiol was
chemosorbed on top through the Au-S linkage.
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Figure 5.1: Schematic diagram of self-assembled Au nanoparticles onto
silanized ITO glass electrode and subsequent self-assembly of 5SHBT mole-
cules (A: !-aminopropyl-triethoylsilane; B: 5SHBT).
5.3.2 Electrochemistry of Various Modi¯ed Electrodes
Electrochemical characteristics of ITO, ITOSA and ITOSASBT were investigated
by the redox process of an aqueous ferrocyanide solution (Fe(CN)4+6 in 0.5 M





on di®erent electrodes. A quasi-reversible redox of Fe(CN)4+6 /Fe(CN)
3+
6 with a
peak-to-peak separation (¢E ) of ca 464 mV was found for all the three electrodes.
The large (¢E ) is due to the relatively poor conductivity of ITO glass electrode.
The gold nanoparticles, which bonded to the silanized ITO glass electrode due
to the a±nity of Au atoms and amine group, have shown some features of a
microelectrode with increased Ip in comparison to bare ITO glass. The introduc-
tion of a third monolayer of 5SHBT anchored on the Au microelectrode slightly
impeded the approach of redox species to the electrode surface and resulted in
























Figure 5.2: Voltametric response of 5.0 mM Fe(CN)4+6 in 0.5 M Na2SO4
aqueous solution on (a) ITO, (b) ITOSA and (c) ITOSASBT at scan rate
of 50 mV s¡1.
Cyclic voltametric feature of various electrodes in 0.1 M Bu4NBF4=CH3CN was
also investigated as shown in Figure 5.3. CV of bare ITO glass electrode only
exhibited moderate charging current during the potential sweep (curve a), whilst
gold nanoparticle coated ITO glass electrode displayed a quasi-reversible redox
response. In comparison to electrochemical response of gold polycrystalline elec-
trode obtained under the same condition, ITOSA exhibited similar but larger
signal which could be explained due to the largely increased surface area due to
the numerous gold microelectrodes stacking on ITO glass surface. Curve c repre-
sents the electrochemical response of organic thiols covered ITOSA. As expected,
the signal was smaller than that of ITOSA since insulating organic molecules

















Figure 5.3: CV of (a) ITO, (b) ITOSA and (c) ITOSASBT in 0.1 M
Bu4NBF4/CH3CN at scan rate of 50 mV s
¡1. Inserted is that of poly-
crystalline gold electrode.
5.3.3 UV-vis Spectroscopy in Characterization of Surface
Modi¯cation
The transparent ITO glass enables UV-vis spectrometer to be used in character-
izing the surface modi¯ed by gold nanoparticles since the gold nanoparticle has
a strong characteristic surface oscillation at ca 520 nm. Generally, in comparison
to the plasma resonance of gold sol in solution phase, that of gold nanoparti-
cles in solid state depicts a slightly broadened absorption peak induced by the
agglomeration which may occur during the surface adsorption. The growth of
gold nanoparticles on the silanized ITO glass surface were monitored by time-
dependent UV-vis spectra (Figure 5.4). The plot of peak intensity versus time
has been show in Figure 5.5. It was observed that the peak ascribed to the Au sol
plasma resonance at 530 nm rapidly increases in intensity in the ¯rst 2h. After
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that, the adsorption of nanoparticle had slowed Dow and been achieving equilib-
rium. No change of peak intensity at 530 nm was observed after 24h. During
the growth of gold nanoparticle monolayer, a peak at ca 600 nm immerged and
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Figure 5.4: UV-vis spectra of aqueous gold nanoparticles adsorbed on












Figure 5.5: UV-vis absorbance of aqueous gold nanoparticles adsorbed on
silanized ITO glass electrode in di®erent dipping time frame.
5.3.4 Surface Morphology of Modi¯ed Surfaces
AFM images the surface morphology of di®erent modi¯ed ITO glass surfaces.
Height and phase images are shown in Figure 5.6 and Figure 5.7. Surfaces of
ITOSA and ITOSASBT display a very di®erent height images with respect to
ITO and ITOS, which is clearly due to the chemisorption of gold nanoparticles and
subsequent thienylthiolate molecules. The clusters are discernible as a result of
agglomeration of gold nanoparticles. The latter two surfaces are relatively more
compact and uniform, which is also consolidated by their phase images. The
phase images of ITOSA and ITOSASBT indicate a more homogenous surface




0 1 mm 0 1 mm
z range: 50 de z range: 50 de





0 1 mm 0 1 mm
z range: 50 de z range: 50 de
Figure 5.7: 2D phase AFM images of (A) ITO, (B) ITOS, (C) ITOSA and
(D) ITOSASBT surfaces.
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5.3.5 XPS Study in Modi¯ed Surfaces
Figure 5.8 shows the S(2p) spectrum of ITOSASBT. S(2p)3=2 and S(2p)1=2 at
chemical shift of 163.7 and 164.7 are corresponding to the thiophene sulfur. The
environment at lower binding energy of 162.3 and 163.3 eV is ascribed to the
Au-S bonding, which con¯rms the formation of 5SBT monolayer on Au colloidal






Figure 5.8: S(2p) spectrum of ITOSASBT surfaces.
Au(4f) envelop of ITOSA can be ¯tted in three sets of peaks (Figure 5.9 A).
Au(4f)7=2 and Au(4f)5=2 peaks at binding energy of 84.0 eV and 87.7 eV are
ascribed to Au in zero covalent state. The peaks at 84.8 eV and 88.5 eV arise
from Au(I) in the oxidation state. The environment at higher binding energy of
86.3 eV and 90.0 eV is contributed by Au(III). Quantitative analysis shows that
Au species contains Au(0) (57.1%), Au(I) (37.9%) and Au(III) (5.0%), indicative
of oxidation of surface Au atoms. When ITOSA surface was further modi¯ed by
5-mercapto-2,2'-bithiophene, Au(4f) is less ionic with Au(0) at 84.0 eV of area
125
84.6% and Au(I) at 84.8 eV of area 15.4%. AU(III) is absent in ITOSASBT. This
suggests that the adsorptions of organic thiol molecules on the Au nanoparticle











Figure 5.9: Au(4f) spectra of (A) ITOSA and (B) ITOSASBT surfaces.
In summary, gold nanoparticles prepared from citrate reduction readily self-
assembly onto the silanized ITO glass electrode to form gold microelectrodes.
This process is an equilibrium reaction with equilibrium time of ca 2 hrs. During
the self-assembly process, a minor agglomeration happens to form small clusters
of nanoparticles. 5SHBT can be attached to the gold microelectrodes in a similar
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way to the chemisorption on the gold polycrystalline electrode.
5.3.6 Electrochemistry of PBT Synthesized on Various
Electrodes
PBT was electrochemically deposited on the various modi¯ed ITO glass electrodes
by cyclic voltametric method in 0.05 M Bu4NBF4=CH3CN with 0.05 M BT.
Polymerization occured when potential sweeped up to 1.3 V with a scan rate of
50 mV s¡1. The CVs of polymers thus obtained were carried out in a 0.1 M
monomer free Bu4NBF4=CH3CN solution.
As shown in Figure 5.10, PBT obtained on the bare ITO glass electrode showed a
broad reduction peak at ca 0.84 V with the absence of clear oxidation peak when
sweeping to 1.2 V. The resistance of ITO glass is ca 250 ­ cm¡1 which produces
a large non-Faradaic current during the potential sweeping and the oxidation
potential cannot be determined. PBT prepared on the ITOSA exhibits much
improved p-doping and p-depoing ability. The oxidation peak can be clearly
observed at the potential of 0.96 V with a narrower reduction peak at 0.72 V.
The oxidation potential is slightly lower than that of polymer prepared on noble
metal electrode (Chapter 2) at 1.05 V due to the large e®ective electrode surface
area attributed by numerous gold microelectrodes. The polymer obtained on
ITOSASBT electrode however displayed more positive oxidation potential at 1.05
V and slightly increased peak current in comparison to that prepared on the
ITOSA electrode. The presence of insulating organic thiol molecules reduces the
e®ective surface area of electrode and increase the surface resistance. Therefore,
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Figure 5.10: CVs of PBT deposited on (a) ITO, (b) ITOSA and (c)
ITOSASBT in 0.1 M Bu4NBF4/CH3CN at scan rate of 50 mV s¡1.
5.3.7 Spectroscopic Properties of PBT Synthesized on Var-
ious Electrodes
UV absorption properties of PBT prepared on di®erent ITO glass electrodes are
shown in Figure 5.11. PBT synthesized on bare ITO glass surface displayed a
¼ ¡ ¼¤ transition at 472 nm with onset at ca 678 nm (1.83 eV). The signi¯cant
di®erence is observed for PBT prepared from ITOSA and ITASASBT, which dis-
plays a similar UV-vis absorption peaks at 450, 472 and 512 nm. The presence of
shoulder peaks indicates the more ordered polymer chain and longer conjugation
length. Onset of absorption is at 778 nm, which is corresponding to 1.59 eV.
The onset of absorption is correlated to the bandgap of polymers. As we can
infer, PBTs prepared on ITOSA and ITOSASBT have more ordered structure
than those prepared on bare ITO glass electrode and bulk gold polycrystalline
electrode. The application of surface self-assembly technique to produce gold
128
microelectrodes may provide a facile methodology to improve the properties of
















Figure 5.11: UV-vis spectra of PBT deposited on (a) ITO, (b) ITOSA and
(c) ITOSASBT in 0.1 M Bu4NBF4/CH3CN.
5.3.8 XPS study in PBT Prepared on Modi¯ed Electrode.
XPS spectra of PBT electrochemically doped on the ITOSA and ITOSASBT
are shown in Figure 5.12. Binding energy and quanti¯cation of elements are
summarized in Table 5.1. The chemical shift of C(1s) at 284.6 eV is corresponding
to C-C, C-S and C=C as dominant species. The two peaks at 286.0 and 287.6
eV are ascribed to the C-O, C=O arising from polymer oxidation. S(2p) envelop
shows only one pair of peak at 163.8 and 164.8 attributed by S(2p)3=2 and S(2p)1=2
from the thiophene ring. The absence of sulfur in oxidized state indicates high
polymer quality. Normally, PT and PBT synthesized by other methods contain
oxidized sulfur species. For the polymer grown on ITOSASBT, however, sulfur at
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lower binding energy due to Au-S bond is not observable for its minute amount.
For both two polymers, Au(4f) only shows the exitance of Au(0) and Au(I). In
Au(4f) spectrum of ITOSA, it has been shown that a great amount of Au (53%)
is in its oxidized state. In ITOSASBT, Au(0) is of 85% and in PBT prepared form
ITOSA, Au(0) is of 91%. Both organic molecules (5SHBT) and polymers (PBT)
are capable of protecting surface atoms of gold nanoparticles from oxidization.
Table 5.1: Surface stoichiometry of PBT obtained on ITOSA and
ITOSASBT electrodes.
Elements PBT on ITOSA PBT on ITOSASBT
BE (eV) % BE (eV) %
C(1s) (C-C, C=C, C-S) 284.6 83 284.6 81
C(1s) (C-O) 286.0 11 286.0 14
C(1s) (C=O) 287.6 6 287.9 5
S(2p) (thiophene) 163.8 100 163.8 100
Au(4f) (0) 83.7 91 83.8 88
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Figure 5.12: C(1s), S(2p) and Au(4f) spectra of PBT obtained on (A)
ITOSA and (B) ITOSASBT surfaces.
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5.4 Summary
Au nanoparticles display self-assembly behavior on silanized ITO to a®ord a
homogeneous surface. The particles form minor agglomerations, which can serve
as microelectrodes. This attachment process reaches the equilibrium in 2 hours.
Modi¯cation of thienyl thiol compound on the Au nanoparticle layer results in a
protection against the aerial oxidation of Au surface atoms.
The various modi¯ed or bare ITO glass electrodes have great in°uence on the
electrochemical and optical properties of polythiophene prepared on them. Gold
nanoparticle modi¯ed electrode shows a behavior like microelectrodes and the
polymers obtained displayed more orientated structure and extended conjuga-
tion in comparison to bare ITO glass. For those further modi¯ed by 5SHBT
monolayer on top of gold nanoparticles, the surface bound bithiophene molecules
however reduce the e®ective electrode surface area and the polymer thus obtained
shows a slightly positively shifted oxidation potential. The application of sur-
face self-assembly technique to produce gold microelectrodes may provide a facile







An important advance in metal cluster chemistry came when Brust et al. [148]
reported on the solution-phase synthesis of alkanethiol-stabilized gold nanopar-
ticles. This discovery sparked widespread interest in the potential uses of these
metal nanoparticles in multifunctional catalysts, chemosensors, nanoelectronic
circuit elements, and soluble analogs of self-assembled monolayers. The physical
properties of these nanoparticles can be tuned by variations in both the nature
of the ligand shell, and the size of the metal core.
Studies on forming monolayers with arenethiols on °at Au surfaces and on Au
nanoparticles are limited. Work by Tao et al. [227] showed that arenethi-
ols do not readily form highly ordered assemblies, while Brust et al. showed
that p-mercaptophenol could be used as a protective agent for 5 nm clusters in
methanol [228]. Ulman et al. [229] reported gold nanoparticles stabilized by
C22H45-SO2-C6H4-O-C4H8-SH, but the in°uence of the aromatic moiety in this
133
case was moderated by the large methylene group content. Murray et al. re-
ported synthesis and characterization of a series of arenethiolate stabilized gold
nanoparticles based on phenethyl mercaptan, benzylthiol, thiophenol, 4-thiocresol
and 2-naphthalenethiol [162].
Large metal clusters possess the requisite properties for use as building blocks
for nanoelectronic devices such as single electron transistors and electron turn-
stiles. Such devices rely on the phenomenon of Coulomb staircase, observable
at room temperature only if the individual metal core are smaller than 2 nm in
diameter. Ideally, these clusters would also be monodispersed and inde¯nitely
stable in both solution and solid state. In comparison to alkanethiolate protected
gold nanoparticles, arenethiolate protected gold clusters displayed less polydis-
persed metal core size [162] and are arranged in a rigid superlattice, which allow
observations of Coulomb staircase phenomenon at room temperature [144].
This chapter reports on the synthesis and characterization of gold clusters with
thienyl thiols as surfactants. Coulomb staircase phenomenon depicted by those
materials will be elucidated in Chapter 7.
6.2 Experimental
6.2.1 Syntheses of Thienylthiolates as Stabilization Lig-
ands
The structures of thienylthiolate compounds used in this study are shown in
Figure 6.1: 5-mercapto-2,2'-bithiophene (5SHBT), 3-mercapto-2, 2'-bithiophene
(3SHBT), dithieno [3,2-c: 2',3'-e] [1,2] dithiin (SSBT), 3-hexyl-3'-mercapto-2,2'-
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bithiophene (RSHBT) and 3-bromo-3'-octylthio-2,2'-bithiophene (BRSHBT).




















Figure 6.1: Structures of thienyl thiolate compounds.
6.2.2 Preparation of Gold Nanoparticles with Stabiliza-
tion Ligands
Detailed procedure is stated in Chapter 10. 2:1, 1:1, 1:2, 1:5 metal / surfactant
feeding ratios were tried for BRSBT stabilized Au nanoparticles. While for the
rest particles, 1:1 molar ratio of metal / surfactant was applied as the optimum
condition.
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6.3 Results and Discussions
6.3.1 Monolayer Protected Gold Nanoparticle
Self-assembled monolayer of thiols and disul¯des chemisorbed onto two-dimensional
single crystalline or polycrystalline gold surface both under UHV or normal pres-
sure has been well characterized [230]. On account of the high a±nity between
sulfur and gold atoms, well-ordered monolayer with certain tilt angle was readily
formed either by wet method (in alcoholic solution) or dry method (vapor depo-
sition). Recently, a tremendous research interest was generated in the monolayer
stabilization of organic thiols compounds of gold nanoparticles which a®orded
three dimensional core-shell superstructure materials. This has arisen since the
Brust's methodology has made the synthesis of stable organic gold colloidal solu-
tion feasible, which is amenable to ready studies using conventional techniques.
These materials would also have potential applicability in catalysis and micro-
electronics.
We selected rigid thienyl thiols compounds as surfactants on account of the fol-
lowing reasons: (i) the anticipated interaction of the heterocyclic ring which has
delocalized ¼-excessive electron with the metal clusters, which would a®ect the
electron tunneling behavior of the resulting metal core-organic shell materials.
The rigidity of the surfactant is also expected to result in a single electron tun-
neling (SET) e®ect of the resulting metal clusters as well. Such materials in
the nanoscale are promising candidates for next generation of transistor, data
storage device etc., in modern electronics and computer technology. (ii) The fea-
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sibility of polymerization of the incorporated thienyl units or with the additional
of monomers (In this case, an initialization of the attached thienyl units in the
ensuing polymerization is anticipated.) to a®ord novel gold nanostructured ma-
terials with conducting polymeric support. From one point of view, this method
a®ords a new avenue for dispersing metal clusters in the conducting polymer
matrix which may result in the improved conductivity and environmental stabil-
ity of this intrinsic conductive polymer in the neutral state to a®ord potential
anti-static shielding materials. Another novelty is pertaining to an extension of
conventional application of the gold colloids in the biological science as biocata-
lysts and biosensors.
The thienyl thiols or disul¯des compounds, abbreviated 3SHBT, 5SHBT, RSHBT,
SSBT and BRSHBT, used in this study were all proven to be e®ective protective
agents to gold clusters. The resulting gold colloidal solutions in toluene depicted
a similar brownish violet color. Recycling of these materials between being dried
and redispersed in toluene did not cause any change in color or visible aggre-
gates produced in solution state, indicative of a unique stability of these colloidal
materials. The gold colloid prepared without surfactant by the same method
gradually aggregated after days while those with the presence of stabilizers re-
mained exceptionally stable up to 1-2 years. The addition of neutral molecule
of pyridine or electrolyte into this colloidal gold solution did not cause any pre-
cipitation or color change, which is in contrast to the old observation that the
addition of electrolyte or pyridine to the naked gold colloidal solution causes an
immediate color change to blue and a distinguishing red-shifting of UV-Vis ab-
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sorption due to agglomeration (°occulation) of the single particles in secondary
aggregates [145], indicative of an e®ective steric protection played by this group
of aromatic compounds: 3SHBT, 5SHBT, RSHBT, SSBT and BRSHBT.
The formation of thienylthiolate (SSBT for example) monolayer around Au metal
core is illustrated as an idealized model in Figure 6.2. Under a strongly reductive
environment induced by NaBH4, S-S covalent bond breaks to form Au-S linkage
due to the high a±nity of Au atoms and sulfur atoms. This results in the core-
shell superstructure of materials. As of other thienylthiolate molecules with S-H
bond, the formation of monolayer protected Au nanoparticles is similar to that of
disul¯de (SSBT). According to the result of XPS, which has shown the formation
of Au-S bond, thiols molecules adsorb as thiolate molecules with loss of hydrogen.
Figure 6.2: Schematic illustration of thienylthiolate monolayer protected
gold nanoparticle.
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Reaction mechanism is similar to that of the original Brust reaction for prepa-
ration of toluene-soluble alkanethiolate-stabilized Au nanoparticles discussed in
Chapter 1. Although lack of °exible alkyl chain, thienylthiolates readily form
a protective monolayer. The reactions follow a nucleation-growth-passivation
process: (i) growing till: gold mole ratios give smaller average thiols stabilized
Au core sizes, and (ii) quenching the reaction immediately following reduction
produces higher abundances of very small core sizes (∙ 2nm). Thienyl thiols sta-
bilized metal nanoparticles demonstrate smaller core size with respective to the
alkylthiolates [160], which probably due to the bulky structure of thienyl thiols.
6.3.2 Solubility
Thienylthiolate-stabilized Au nanoparticles are soluble in acetone and acetonitrile
but insoluble in hexane. In contrast, alkanethiolate-protected Au nanoparticles
are insoluble in acetone and acetonitrile but soluble in hexane. This solubil-
ity properties indicate that thienylthiolate-stabilized Au nanoparticles are more
polar.
6.3.3 Particle Size and Distribution
Various gold nanoparticles with 3SHBT, 5SHBT, RSHBT, SSBT and BRSHBT
were imaged using TEM and AFM techniques. Average metal core size and size
distribution can be readily determined from TEM (Table 6.1). In comparison to
Au colloid prepared by citrate reduction (d = 13.0§3.0, Chapter 5), they present
narrower size distribution. The images also displayed an apparent lighter circle
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surrounding each particle, which is induced by the organic molecule monolayer.
Table 6.1: Particle size and size distribu-
tion of various gold nanoparticles.









For AU3SBT, AU5SBT, AUSSBT, AUBRSBT (surfactant to metal 1:1 feeding ra-
tion), the TEM images show a closely packed structure (Figures 6.3 - 6.7). It even
causes the di±culty to obtain a sharp image with normal resolution for AUSSBT.
Thus, the AUSSBT was imaged with High-Resolution TEM. This may due to the
¼ electron rich nature of the ligands, which are directly attached to the metal
core. Murray et al: reported a chain/ring feature of arenethiolate protected gold
nanoparticles, for which the individual particles cannot be well-resolved [162].
Images of naked nanoparticles of similar size were also reported displaying a bi-
layer structure and self-organization of chain/ring structure by Schri±n et al:
[231]. However, in our case, despite the interdigitation of neighboring individual
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particles, they are well separated. It con¯rms that the overlap of particles is due
to the organic monolayer for ¼-¼ stack. The image of AURSBT agrees on this
explanation as shown in Figure 6.4, individual particles are sparsely dispersed
without any possible steric or electronic interaction between each other. The
monolayer of RSHBT with a alkyl chain which is supposed to extend outwards
the metal core promote a decrease in interparticles interaction.
A B0 1 mm
Figure 6.3: (A) TEM and (B) AFM height images of AUSSBT nanoparti-
cles.
Particle size and size distribution are dependent on di®erent type of surfactants.
In the case of AUSSBT (Figure 6.3), HRTEM shows a picture of particles with rel-
atively uniform size of 2.8 nm and slight overlap between the particles. AU3SBT
displayed an average particle size of 3.0 nm and the overlap of particles is much
decreased. For AU5SBT, the nanoparticles do not have a real uniform core size.
The overall distribution can be approximately taken as a mixture of two pop-





Figure 6.4: (A) TEM and (B) AFM height images of AURSBT nanoparti-
cles.
of AUSSBT and AU3SBT, and the other with a large average core size of 6.5
nm. This might be explained by the attachment of 5SHBT through ¯ mercapto
group allows for the molecules to organize in a more compact pattern than those
through ® linkage. The same e®ect was observed in the self-assembly of ® or ¯
mercapto-bithiophene onto °at Au surface, which was discussed in Chapter 4.
Self-orientation of thiols compounds may retard the occurrence of passivation so
that the particles grow bigger. AURSBT shows a di®erent image from the rest,
with well-dispersed particle size of 5.9 nm. The dimension of particles are close to
that of one population (that of bigger size 5.9 nm) of AU5SBT. This variations of
core size dispersity must re°ect some di®erences in the as-yet poorly understood
reaction kinetics of these materials.
E®ect of feeding ratio of stabilizer and metal in the resulting particle size is
studied with BRSHBT as ligand. Figure 6.7 show the TEM images of AUBRSBT
prepared in a feeding ratio of BRSHBT to Au from 2:1, 1:1, 1:2 to 5:1. The
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Figure 6.6: (A) TEM and (B) AFM height images of AU3SBT nanoparticles.
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particle sizes are 2.7, 2.5, 4.3, 7.4 nm respectively. The result is in contrast to
that reported earlier that larger thiol to gold mole ratios a®ords smaller average
metal core sizes [160, 172]. Further, when the amount of surfactants increases,
interparticle distance increases. The nanoparticle prepared with a thiol to gold
ratio higher than 2 depicted poor stability and gradually aggregate within weeks
while those prepared form 1:1 feeding ratio remain stable up to one year.
B
C D




Figure 6.7: TEM Images of AUBRSBT nanoparticles with a surfactant-
metal feeding ratio of (A) 1:1, (b) 1:2, (C) 2:1 and (D) 5:1.
All the thienylthiolate protected Au nanoparticle colloids (except AUBRSBT with
high thiol to gold feeding ratio) demonstrate excellent stability and the TEM of
them stored for months were almost the same as those freshly prepared.
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AFM height images of various nanoparticles casted on the ITO glass surface are
also shown. Two population of particles are evident for all of the nanoparticles.
Phase images indicate those are the same materials. The top layer of larger
particles may re°ect the overlap of particles. In comparison to AFM in the
characterization of nanoparticle size, TEM is more straightforward.
The shape of the particles cannot be determined by the TEM. Assuming the
particle to be composed of a spherical metal core with face centered cubic atomic
packing, the mean size converts into a composition of Au nanoparticles by use of









XPS gives information on the composite of thienylthiolate stabilized gold nanopar-
ticles. Figure 6.8 shows the C(1s), Au(4f) and S(2p) peak of AUBRST drop cast-
ing on ITO glass. In the carbon envelop, in addition to the predominant C-H,
C-S environment at 284.6 eV, deconvoluted spectra manifest a species with a BE
of 286.0 eV. This species is attributed to C-O species. Typical Au(4f)7=2 and
Au(4f)5=2 at zero covalent state present at 84.0 eV and 87.7 eV. Two additional
pairs of Au environment at higher BE ((4f)7=2) of 84.8 and 85.7 eV are consistent
with lower oxidation states. This might attributed by the surface atoms, which
are expected not to be as metallic as those deeper in the core [233]. Sulfur envelop
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shows two chemical environments with S(2p)3=2 of 163.7 and 161.7 eV. The sulfur
environment with BE of 163.7 eV is assigned to the thiophene ring. The species
with a BE of 161.7 is attributable to the gold thiolate, strongly evident of the
gold-sulfur covalent bonding.
Figure 6.9 and table 6.2 show the Au environments of the various thienylthiolate
stabilized gold nanoparticles. In general, Au species exhibit both neutral state
and oxidation state. This is reasonable as the surface atoms tend to be less
metallic in comparison to the core metals.
Table 6.2: Au(4f)7=2 spectra of various thienylthio-
late stabilized gold nanoparticles.
Au nanoparticles Au(0) Au+(I)
BE (eV) area (%) BE (eV) area (%)
AU3SBT (1:1) 84.1 65 84.8 35
AU5SBT (1:1) 84.2 76 85.0 24
AUSSBT (1:1) 83.5 74 84.5 26
AURSBT (1:1) 83.5 78 84.8 22
AUBRSBT(1:1) 84.0 69 84.8 18
Although all the samples for XPS experiments were prepared under same condi-
tion, the results demonstrated relatively smaller amount of elements for the rest
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UV-Vis absorption spectra of various thienylthiolate stabilized gold nanoparticles
in toluene depicted a similar broad peak at around 520 - 530 nm, which is charac-
teristics of Au cluster surface plasma resonance. The plasmon band in°uences the
visual colors of gold nanoparticles and arises from interband transitions between
the highly polarizable Au 5d10 band and the unoccupied states of the conduction
band [179]. The slight smearing of the plasma oscillation may be ascribed to the
overlap of ¼ electron enriched organic molecule and metal atom bands. All of the
various nanoparticles demonstrated almost invariable plasma resonance peak po-
sition except AU5SBT, which display a polydispersity of particles size by TEM.
The UV-Vis spectra showed that AU3SBT, AURSBT, AUSSBT and AUBRSBT
which had sulfur atom at ¯ position of thiophene ring depicted relatively blue
shifted plasma absorption at the range of 515 to 525 nm comparable to 5SBTAU
that had sulfur atom at ® position at the range of 530 to 540 nm.
Spectra of AUBRSBT with di®erent thiol to gold ratios are shown in Figure 6.11.
The position of plasmon band of nanoparticles with thiol to gold ratio of 1:2 has
a ¸max at 527 nm, whilst for those with 1:1, 2:1, and 5:1 a®orded plasmon bands
maxima at 518, 535, 540 respectively. Those with high thiol to gold ratio (¸
2) display a blue-shifted plasmon resonance and an increase intraband transition
at lower energy, both indicative of the occurrence of agglomeration of particles.
Gradual aggregation of those particles was observed during one to two weeks. 1:1


















Figure 6.10: UV spectra of (a)AU3SBT, (b)AURSBT, (c) AU5SBT, (d)
















Figure 6.11: UV spectra of AUBRSBT prepared with (a) 2:1, (b) 1:1, (c)
1:2 and (d) 1:5 BRSHBT to gold mole ratio.
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Thermal stability of thienylthiolate stabilized gold nanoparticle were tested by
temperature-dependent solid state UV-Vis with the AUSSBT colloidal solution
drop-casted on a quartz surface. The sample was heated in steps up to 180±C. At
each step, the adsorption spectra were recorded and depicted in Figure 6.12. If
the protective monolayer is destroyed by annealing, the clusters tend to progres-
sively transformed into coalescence topologies. When the samples were heated up
to 120±C, an onset of minor coalescence between neighboring clusters occurred
and the relict of the plasma oscillation absorption at 525 nm became broadened
accompanied by an minor increase of IR re°ection due to the conduction electron
in the newly formed larger coalescence aggregates. Our explanation of this aggre-
gation is due to the di®usion e®ect which is caused mainly by solvent molecules
(The temperature is corresponding to the boiling point of toluene.). When the
temperature was up to 180±C, the absorption spectrum still retained the plasma
resonance adsorption around 530 nm. This indicates that SSBT protected Au























Figure 6.12: UV absorption spectra of solid-state AUSSBT after annealing
between 20±C and 240±C.
6.4 Summary
This chapter describes the Brust reaction synthesis and characterization of a
series of thienyl thiols stabilized Au nanoparticles based on 5-mercapto-2,2'-
bithiophene, 3-mercapto-2, 2'-bithiophene, dithieno [3,2-c: 2',3'-e] [1,2] dithiin,
3-hexyl-3'-mercapto-2,2'-bithiophene and 3-bromo-3'-octylthio-2,2'-bithiophene.
Chemical and physical properties of resulting thienylthiolate stabilized Au nanopar-
ticles are investigated by a combination of UV-Vis, XPS, TEM and AFM. Mean
core diameters of the resulting nanoparticles are 2»3 nm. Those nanoparticles
are stable in organic solvents and solvent free states. This study presents a novel
class of protective monolayers for Au nanoparticles.
152
Chapter 7





Production of nanoscale electronic devices is one of the primary driving forces in
the study of nanoparticulate metals and semiconductors. Microelectronics indus-
try has been traditionally associated with rapid performance and technological
breakthroughs. Developing a microchip that operates at higher speeds requires a
means of dissipating extra heat that is necessarily produced. To date, the most
utilized physical solutions to addressing this requirement has been to reduce the
size of the circuitry in the chip. In the last several years the industry has reduced
feature sizes in chips from 0.5 ¹m to between 0.25 and 0.18 ¹m. Some manu-
facturers have already begun fabricating new prototypes in 0.12 ¹m technology
[235].
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The longer term problems with feature size reduction involve the question of
whether or not a device will be able to operate correctly at the reduced dimen-
sions. The basic question of whether charge transport will occur in the same
manner at smaller dimensions is a major issue. One major manifestation of this
problem is in leakage tunneling. As feature sizes are reduced, the insulating gaps
between conductive pathways become narrower and the probability of tunneling
between adjacent elements is thus increased. Very few leakage events would be
required to render the device unusable. To reach nanometer dimensions it may
be more e±cient to utilize a new technology for the implementation of circuitry.
7.1.2 Metal Nanoparticles as Building Blocks
Small metal nanoparticles constitute a unique entity for the creation of nanoelec-
tronic devices. In the size range of ca 1 to 2 nm, metal nanoparticles still possess
enough metallic character to be conducting, therefore electrons readily reside on
the islands. However, due to the low capacitance of such a nanoparticle, only a
limited number of electrons may reside on a particle at any one time and addition
of another is subject to a large Columbic repulsion. If this process is inhibited
by a tunnel barrier such as the ligand coating on the particles, e. g., Figure 7.1,
a situation known as Coulomb staircase is set up.
7.1.3 Coulomb Staircase
Consider a ligand-stabilized nanoparticle between two contacts connected to a







Figure 7.1: Schematic STM double tunnel-junction model.
equivalent circuit comprised of two tunnel junctions (representing two contact to
particle locales) and a voltage source. The tunnel resistance, RT , is su±ciently
large to prevent transfer of charge between the particle and contacts. Hence RT
À RQ (where the resistance quantum is de¯ned as RQ ´ ¼h=2e2). This condition
allows for the treatment of SET by classical physics.





Thus the charging energy for addition of one electron to the system depicted in








The capacitance of a nanoparticle can be obtained classically using equation 7.3,
where r = 0.7 nm (for a system such as Au55(PPH3)12Cl6) and " = 3 [236].
C1 = C2 = 4¼""0r (7.3)
The capacitance of Au55 is thus estimated to be » 2£10¡19 F, and the charging
energy EC = 400 meV. Since kT = 26 meV, the energy required to charge the
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nanoparticle by a single electron is higher than the ambient thermal energy by a
factor of 15, and should be an observable event, even at room temperature.
Consequence of the high EC is the non-linear I ¡V behavior known as Coulomb
staircase. Electrical response of a system exhibiting Coulomb staircase is depicted
in Figure 7.2. If one starts out from zero applied potential (Vapp = 0), no currrent
response is detected until a certain threshold voltage, VT , is reached. At this
point the applied potential is su±cient to overcome the Coulomb barrier between
particles and current can °ow.
The work, w, required to add an electron or remove an electron is the same,
hence:




Since the system is in a steady state (Q1 = Q2), the potential di®erences across

























In the case of a symmetrical 1D assembly of nanoparticles, the I¡Vapp relationship
is expected to be ohmic for Vapp > VT . For a 2D arrangement of nanoparticles,
more conductive pathways open up with increasing Vapp, leading to an exponential




Figure 7.2: Current(I) in response to an applied potential di®erence (Vap)
for a 1D array of clusters exhibiting Coulomb staircase behavior. VT is the
threshold voltage required to achieve conduction.
7.1.4 Solution Ensemble Coulomb Staircase
Coulomb staircase of gas-phase clusters is usually observed as tunneling currents
through a single nanoparticle addressed by a tip probe using STM. Clusters in
solution can also readily undergo reversible electron capture or loss, i.e. reduction
or oxidation. For gas-phase metallic clusters, a focus of attention is the relation-
ship of their electronic properties to those of analogous metal-vacuum interfaces.
Solution-phase clusters can be perceived along these lines as being analogous to
metallic-solution (i.e. electrochemical) interfaces (the \ionizable metal cluster-
electrode surface" analogy [189, 193, 238]).
As shown in Figure 7.3, in voltammetry of cluster solutions, the clusters di®u-
sively collide with the working electrode surface and the potentials of their cores
become equilibrated with that of the electrode (assuming facile electron trans-
fers). The current °owing for this charging process is jointly governed by the
di®usional (\Warburg") impedances and double layer capacitances of the clus-
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ters. The most interesting aspect of the capacitance charging relates to the tiny
size of the capacitance of a nanometer-sized particle (CCLU). The capacitance
can be extremely small (< 1 aF/cluster) that transfer of a single electron between
the electrode and a cluster can change the potential of the latter by measurable
fractions of a volt (¢V = e=CCLU ). This phenomenon has been recently detected
in voltammetry of solutions of monodisperse alkanethiolate and arenethioalte-
stabilized Au clusters and at nanoscopic working electrodes [162, 189, 238, 239],
and is an electrochemical analogue of the classical Coulomb staircase experiment.










Figure 7.3: Schematic eelctrochemcal ensemle Coulomb staircase model.
Rct is charge-transfer reistance, CDL is double layer capacitance and ZW is
di®usional (Warburg) impedance for clusters transport through the solu-
tion.
With respect to the tip-single cluster junction, the electrochemical ensemble elec-
tron tunneling e®ect involves a huge number of clusters to form di®usion layer-
electrode and di®usion layer-electrolyte interfaces. The large number of clusters
involved in the charging process and the complexity of double layer properties
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complicates this e®ect in the electrochemical system.
It is important to understand that one-electron double layer charging peaks in
metal cluster solutions are formally analogous to those produced by traditional
redox reaction (i.e., oxidation of ferrocene). The double layer charging of metal
clusters is kinetically fast (demonstrable controlled by mass transport), so that
the pro¯le of working electrode current versus average potential of metal cores
in the adjacent solution is determined by traditional combinations of the Nernst
equation with mass transport relationships. Each core charging step has a \formal
potential", which, referenced to the cluster potential of zero charge (z, EPZC)
[238], is




Where E0z;z¡1, the formal potential of z(z ¡ 1) charge sate \couple" corresponds
to DPV peak currents. z is singed such that z > 0 and z < 0 correspond to core
\oxidation" and \reduction", respectively.
7.2 Experimental
Electrochemical experiments Cyclic voltammetry (CV) and di®erential pulse
voltammetry (DPV) were carried out on ca. 0.1 mM thienylthiolate-stabilized
Au solution in a (1:1 v:v) toluene/benzonitrile mixed solvent containing 0.1 M
Bu4NBF4 electrolyte. The cell solution was degassed for ca. 20 min, with high
purity Ar presaturated with the mixed solvent. For CV experiments, the scan
rate was kept at 10 mV S¡1. As for DPV experiments, the parameters were as
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follows: scan rate 10 mV S¡1, pulse height 50 mV, pulse width 50 ms, pulse
period 500 ms. For the experiments of solvent e®ect, acetonitrile, nitrobenzene
or dichloromethane were used in the same manner as benzonitrile.
7.3 Results and Discussions
7.3.1 CV and DPV of Thienylthiolate Stabilized Gold Nanopar-
ticles
Figure 7.4 and Figure 7.5 exhibit Cyclic Voltammetry (CV) and Di®erential Pulse
Voltammetry (DPV) curves of various thienylthiolate stabilized gold nanoparti-
cles as a solution species in a co-solvent comprising of equal volume of benzonitrile
(PhCN) and colloidal toluene solution containing 0.1 M Bu4NBF4 as supporting
electrolyte. Generally, the change in the double layer properties as shown by the
broadening of charging current is ascribed to the interaction of Au clusters in
solution with the surface platinum atoms. As shown in ¯gure 7.4, current peaks
arose from successive, nearly equal spaced quantized capacitative charging of en-
sembles of individual cluster cores. The voltage spacing of the successive single
electron charging is determined by the cluster capacitance while the current is
governed by the transport rate of the gold clusters in the solution to the sur-
face of the working electrode surface. A theoretical model based on electrostatic
interaction was developed by Murray [238] recently to account for the redox or
quasi-reversible quantized capacitance charging of alkanethiolate and arenethi-
olate monolayer-protected gold clusters in solution. Nevertheless, our results
showed totally irreversible current for cluster charging reaction (the negatively
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forwarding DPV curve was not recorded which depicted no coulomb staircase
feature) and an absence of quantized charging occurred at the negative and less
positive potential window. These phenomena may be due to the slow mass trans-
portation in the solution and / or the slow charging process a®ected by the high
































E (mV) vs SCE
Figure 7.4: Cyclic Voltammetry of (A) AU3SBT, (B) AU5SBT, (C)
AUSSBT and (D) AURSBT in 0.1 mol l¡1 Bu4NBF4 co-solvent (1:1 v:v)
of toluene and PhCN. Three-electrode cell with Pt disc electrode (0.5 cm2)
as working electrode, Pt wire as counter electrode and SCE as reference
electrode, scan rate: 10 mV S¡1.
Table 7.1 gives the potential spacing (¢V ) and the capacitance per nanoparticles

































Figure 7.5: Di®erential Pulse Voltammetry of (A) AU3SBT, (B) AU5SBT,
(C) AUSSBT and (D) AURSBT in 0.1 mol l¡1 Bu4NBF4 co-solvent (1:1 v:v)
of toluene and PhCN. scan rate: 10 mV S¡1, pulse height: 50 mV, pulse
width: 50 ms, pulse period: 500 ms.
DPV in Figure 7.6 and Figure 7.7 in the range of 250 mV to 500 mV, which
by far exceeds the thermal voltage of 26 mV at 300 K, allows an observation of
single electron charging behavior. The capacitance of various nanoparticles were
estimated using a semiclassic theory, which predicts a constant spacing ¢V =
e=C, to be 0.42, 0.20, 0.55, 0.44 aF / cluster for AU3SBT, AU5SBT, AUSSBT and
AURSBT respectively from CV and 0.53, 0.21, 0.62, 0.61 aF / cluster respectively
from DPV. These values (except that for AU5SBT) are generally consistent with
those calculated from equation C = 4 ¼ " "0 r (Equation 7.5) based on geometry
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of the clusters which is derived from the planar plate capacitor model to be ca.
0.40 aF / cluster ("»= 3) and with the values obtained by Murray in various of
alkylthiolate (0.4 - 0.5 aF / cluster) and arenethiolate (0.6 - 1.1 aF / cluster)
protected Au nanoclusters [162, 189]. As DPV, CV resolves multiple current
peaks and gives out similar results. To account for the discrepancy of AU5SBT,
due to its polydispersity of core size observed by TEM, the CV or DPV may not
well-resolved to give out single electron charging. Hence the calculation based on
CV or DPV may not be accurate.
Table 7.1: Capacitance of individual particles calculated
from CV and DPV.
Au nanoparticles CV DPV
¢V C (aF/CLU) ¢V C (aF/CLU)
AU3SBT 0.38 0.42 0.30 0.53
AU5SBT 0.80 0.20 0.77 0.21
AUSSBT 0.29 0.55 0.26 0.62
AURSBT 0.36 0.44 0.26 0.61
7.3.2 Solvent E®ect in Quantized Double Layer Charging
Our results are consistent with the earlier observation that aromatic compounds
stabilized gold nanoparticles display a larger capacitance in comparison to that
of alkanethiolate protected gold clusters. This can be due to the larger dielectric
constants of aromatics relative to alkanes and may also re°ect a greater intrusion
of solvent into the organic monolayer. Electrochemistry of gold nanoparticles was
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also carried out in various solvents with di®erent dielectric constants. Figure 7.6
and Figure 7.7 show the CV and DPV of AUSSBT in a co-solvent comprising
of equal volume of dichloromethane (CH2Cl2), acetonitrile (MeCN), benzonitrile
(PhCN) or nitrobenzene (PhNO2) and colloidal toluene solution containing 0.1

















E (mV) vs SCE
Figure 7.6: Cyclic Voltammetry of AUSSBT in 0.1 mol l¡1 Bu4NBF4 in
co-solvent (1:1 v:v) of toluene and (A) CH2Cl2, (B) MeCN, (C) PhCN and
(D) PhNO2, scan rate: 10 mV S¡1.
Figure 7.8 lists the CV and DPV peak positions derived from Figure 7.6 and
Figure 7.7. The capacitance of clusters in CH2Cl2, MeCN, PhCN and PhNO2
were estimated by ¢V = e=C, to be 0.39, 0.48, 0.55, 0.37 aF / cluster respectively



















Figure 7.7: Di®erential Pulse Voltammetry (DPV) of AUSSBT in 0.1 mol
l¡1 Bu4NBF4 in co-solvent (1:1 v:v) of toluene and (A) CH2Cl2, (B) MeCN,
(C) PhCN and (D) PhNO2, scan rate: 10 mV S
¡1, pulse height: 50 mV,
pulse width: 50 ms, pulse period: 500 ms.
result shows a phenomenal dielectric solvation e®ect upon such cluster charging.
In the nonpolar solvent as well as strong polar solvent of CH2Cl2 (" = 8.93)
and PhNO2 (" = 34.78), the voltage steps depicted larger intervals consequently
lower capacitance. While in the MeCN and PhCN solvents, which have " = 24.77
and 25.20 respectively, gold clusters demonstrated more densely superimposed
voltage intervals. This larger capacitance in nitrile solvents may re°ect a greater
intrusion of solvent or electrolyte into the SSBT monolayer. These experimental
results suggest that solvent composition play a great role in modulating the mass
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Figure 7.8: Diagram showing the proposed arrangement of SSBT adsorbed
on the surface of gold cluster.
in the charging process and the complexity of double layer properties complicates
this e®ect in the electrochemical system. However, the dielectric solvation e®ect of
the metal clusters in the quantized capacitance charging is fundamentally useful
in this newly emerged area.
7.4 Summary
In this chapter, CV and DPV were employed to explore the charging feature of
various nanoparticles. With the rigid and ordered superlattice a®orded by the
protecting thienylthiolate molecules as well as the small metal core size (even
though polydispersity present in AU5SBT), quantized double layer charging of
materials is clearly demonstrated by both CV and DPV. More interestingly, in
organic solvents with di®erent dielectric constant for electrochemical study, the








Metal particles dispersed conducting polymers are of particular interest for pro-
ducing materials with tailored electrical and optical properties. Chen has re-
ported that by incorporation of platinum microparticle, poly(acrylic acid) doped
polyaniline exhibits a better electroactivity and higher stability [240]. The re-
search involving metal and nanoparticles also expands into the assembly and
characterization of well-ordered 2D or 3D structures. Recent advances include
3D DNA-linked Au colloid arrays [241] and the closest-packed surface con¯ned
monolayers of Ag, Au and CdS colloidal particles studied by Natan [135], Mur-
ray [242], Cotton [243], Whetten [179] and others. These novel structures have
revealed electronic and optical properties distinctly di®erent from those of in-
dividual nanoparticles or their macroscopic equivalents. Feldheim et. al has
167
described a novel approach to create 1D nanoparticle arrays by polypyrrole and
alkyldithiolates [244]. Blends of polyoctylthiophene and Au nanoparticles ex-
hibit spatially-dependent photoluminescence spectral features [137]. Our studies
presented in this Chapter is to study Au nanoparticle and conducting polymer
complex by the application of self-assembly technique and electrochemical ap-
proach.
8.2 Experimental
Preparation of self-assembled thienylthiolate stabilized Au nanoparti-
cles on silanized ITO glass electrode. ITO glass (0.9 £ 2.5 cm) was cleaned
in a Piranha solution comprising 1 part of 30 % H2O2 and 4 parts of 98 % H2SO4
at 70±C for 20 minutes. Afterwards, they were rinsed thoroughly in turn by
distilled water, hexane and ethanol before they were put into the 1:4 v/v !-
aminopropyl-triethoylsilane and ethanol (anhydrous) mixture for 24 hrs (either
under inert gas atmosphere or at ambient environment showed no signi¯cant dif-
ference). The modi¯ed ITO glass was then carefully and thoroughly rinsed by
ethanol to remove the unanchored moiety before dried by argon stream. The
self-assembly of Au nanoparticles was obtained by simply dipping the silanized
ITO glass into Au toluene solution for 24 hr. Afterwards, they were amply rinsed
by toluene and dried under argon stream prior to use.
Electrochemistry. Investigation of electrochemical properties of thienylthiolate
stabilized Au nanoparticles immobilized on ITO glass electrode was carried out in
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a 0.1 M Bu4NBF4=CH3CN. The electrochemical polymerization of bithiophene
was carried out in a mixed solution containing 1:1 v/v 0.2 M Bu4NBF4=PhCN
and various gold toluene colloidal solution using Pt disc or ITO glass electrode as
working electrode. The setup of three-electrode electrochemical cell is as stated
in Chapter 10.
8.3 Results and Discussions
8.3.1 Self-assembly of Nonaqueous Au Colloid on silanized
ITO Glass Electrode.
The formation of monolayers
Since the aqueous gold nanoparticles reduced by citrate acid are stabilized mainly
by electrostatic force, they tend to agglomerate or aggregate when adsorbing onto
the silanized ITO glass surface, as discussed in Chapter 5. The nonaqueous gold
nanoparticles, which are stabilized by thienylthiolate surfactants, depicted no
coloration during the adsorption process as observed by naked eyes, indicative
of a monolayer formation. It is suggested that thienylthiolate molecules function
as a barrier to prevent the agglomeration of Au clusters hence only a monolayer
obtained.
UV-vis spectra of AUSSBT, AURSBT, AU3SBT and AU5SBT immobilized on
the ITO glass surface are shown in Figure 8.1. All of these nanoparticles depict a
characteristic plasma oscillation at 505 nm close to those in solution phase, indica-
tive of well-dispersed particles. And the spectra for nanoparticles with adsorption
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time of 2 and 24 hr do not show distinguished change in intensity of plasma reso-
nance at 505 nm and no absorption peak appears at longer wavelength, indicating
that no agglomeration has occured during adsorption process. In comparison to
the self-assembly of aqueous gold nanoparticle on the ITO glass surface, which
display a somehow multilayer formation behavior, the non-aqueous gold nanopar-
ticle with surfactant monolayer protection exhibited much less adsorption on the






























Figure 8.1: UV-vis spectra of nonaqueous gold nanoparticles (A) AUSSBT,
(B) AURSBT, (C) AU3SBT and (D) Au5SBT adsorbed on silanized ITO
glass electrode.





Figure 8.2: AFM (A) 2D phase image and (B) 3D phase image of self-
assembled SSBT stabilized Au nanoparticles on ITO glass.
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Figure 8.3: SEM image of self-assembled SSBT stabilized Au nanoparticles
on ITO glass.
ter 6), those obtained by the application of self-assembly technique demonstrate
a more uniform morphology as shown in representative AFM and SEM images for
AUSSBT (Figure 8.2 and 8.3). The images show that poly-dispersed aggregates
form a island morphology evenly distributed on the surface without any coales-
cence, indicative of a quantum feature of this microstructure. It is suggested
that during the self-assembly process, the nitrogen atoms on the surface com-
peted with the sulfur atom on the nanoparticle surface, which resulted in partial
depletion of the surfactants and thus allows the self-assembly of gold particles
to occur through a Au-NH2 bonding. This island morphology achieved by the
novel application of self-assembly technique has the advantage in ease of handle
and good controllability comparing to conventional physical approaches. Two
domains are clearly demonstrated in AFM and SEM images with one comprises
of smaller particles underneath of bigger particles °oating evenly, however these
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two domains shows the same intrinsic materials from the phase image with only
the di®erence in the size and position, which is evident in 3D AFM image. This
may due to the reorganization of particles on the ITO glass surface but no further
evidence available.
AU(4f) XPS spectra of self-assembled Au clusters does not display discernable
di®erence to those simply casting on the ITO glass surface. Both Au(0) at 84.0
eV and Au(I) at 84.9 eV are present, due to the core gold atoms and surface gold
atom which are attached to the sulfur atom and therefore more ionic. Tin 3d5=2
electron demonstrated the tin-oxygen binding energy at 486.6 eV as expected.
The average diminution of the Sn(3d) band from the underived SnO2 was used
to estimate the surface coverage to be ca 10¡10 mol cm¡2, assuming the density
of Au nanoclusters is 10 g cm¡3 from the EDX test. Very minute Si(2p) band
at 102.4 is presented, suggestively due to the pinhole penetrating to expose the
underlying silica. Trace sulfur was observable however it is di±cult to ¯t and
quantify. From the XPS spectra, the formation of self-assembled Au clusters
monolayer onto the electrode surface was substantially proven.
Electrochemistry of nonaqueous gold nanoparticles as immobilized species
on electrode surface
Voltametric properties of gold nanoparticle as a solution species in an co-solvent
comprising of 1:1 v/v CH3CN and colloidal toluene solution with 0.1 M Bu4NBF4
as electrolyte are studied in Chapter 7. The change in the double layer properties
of the electrode as shown by broadening of the charging current can be ascribed
to the interaction of Au clusters in the solution with the surface platinum atoms.
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A Coulomb staircase superimposed with three apparent steps was observed, in-
dicative of single-electron tunneling in individual nanoclusters. The capacitance
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Figure 8.4: Cyclic Voltammetry of (a) SSBTAU modi¯ed ITO glass elec-
trode and (b) bare ITO glass electrode in 0.1 M Bu4NBF4 / CH3CN solu-
tion. Scan Rate: 50 mV S¡1. Inserted: CV of bare Au electrode in 0.1 M
Bu4NBF4 / CH3CN solution.
Cyclic voltammetry behavior of gold nanocomposite as an immobilized species on
the electrode surface in Bu4NBF4 / CH3CN solution was shown as in Figure 8.4.
First layer formation of silane compound was con¯rmed by the minor increased
charging current in comparison to that of the underived ITO glass, since the
attachment of an organic monolayer increased the residue current in an organic
electrolyte. The CV curve of gold cluster depicted an analogous electrochemical
behavior as that in solution. This phenomenon proves that it is the gold clusters
which a®orded the electrochemical behavior rather than any unreacted SSBT or
intermediate in the solution. Meanwhile it also con¯rmed the capability of this
174
gold colloid of self-assembling to a®ord well-ordered layer. The coverage of the
self-assembly can be estimated to be ca 6.3 £10¡10 mol cm¡2. This value rep-
resentative of a monolayer coverage is consistent with that estimated from XPS
spectra. Similar to the CV of gold cluster in solution, the CV of gold cluster
in ¯lm state also depicted a broadening of charging current due to the introduc-
tion of non-metallic gold clusters on the electrode surface. However, CV of the
gold clusters immobilized on the electrode displayed a quasi-redox electrochem-
ical behavior, which is di®erent from the double-layer charging characteristics
of solution species, since the former cluster aggregates have irregular shape and
sizes. In comparison to the cyclic voltammetry behavior of polycrystalline gold
electrode as the inserted in Figure 8.4, gold clusters depicted an apparent quan-
tum dot e®ect resulting in an di®erent cyclic voltammetry behavior from the bulk
metal.
Similiar to the ITO glass electrode modi¯ed with aqeous gold nanoparticles, the
electrode covered with separated nonaqeous gold nanoparticle islands along the
surface depicted no blocking e®ect from the penetration of ferrocynide ion to ap-
proach the electrode surface, as expected, in a electrolytic solution comprising 5
mM Fe(CN)¡14 and 0.5 M Na2SO4 as supporting electrolyte. The background CV
of modi¯ed electrode in the redox species free solution depicted a slight broaden-
ing, indicative of more charging current produced, which can also be ascribed to
the introduction of the isolated islands of non-metallic Au microstructures.
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8.3.2 Electrochemical Polymerization of Bithiophenes in
a Solution Containing Thienylthiolate Stabilized Au
Nanoparticles
Electrochemical polymerization of BT as co-existing solution species of thienylth-
iolate stabilized Au nanoparticles is successful using both CE or CV. In the ¯rst
instance, when CH3CN was used as co solvent, the electrochemical polymerization
was not successful. Upon addition of BT monomer and application of potential,
the nanoparticles gradually aggregate. The polymerization in PhCN, however,
proceeded smoothly and polymer ¯lm can be obtained. This phenomenon further
indicates the interaction of solvent and monolayer around gold nanoparticles.
Figure 8.5 exhibits the typical CV curves for polymerization of BT with gold
nanoparticles. The ¯rst cycle depicts a large charging current incurred by the
AUSSBT in the solution. On the reverse potential sweep, the reduction peaks of
polymer appear, indicative the occurance of polymerization. The large charging
current disppear immerdiately upon the polymer production. Thereafter the
polymerization proceed as usual. The gold nanoparticles in the solution more
likely act as di®using nanoelectrodes for the growth of polymers rather than just
simply di®used to the electrode surface and thus incorporated into the polymer
matrix.
Polymer of BT can also be obtained by the application of CE method. Figure 8.6
demonstrates the typical CE curve of BT polymerized in a solution containing
AUSSBT. The polymerization is ready to occur under relatively lower oxidation
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Figure 8.5: PBT preparation by CV in a mixture of 1:1 0.1 M
Bu4NBF4/PhCN and AUSSBT toluene solution, scan rate: 50 mV S¡1.
as nanoelectrode, on which the nucleation is more facile. When the polymer
grows, the potential keep smoothly increasing to 1.16 V, which is attributed
by the increase of polymer resistance. The presence of gold nanoparticles in
the polymer matrix may cause di±culty in the charge carrier transport and the
incorporation of dopant species.
In striking contrast to the electrochemical polymerization of BT on ITO mod-
i¯ed by aqueous gold nanoparticle, which depicts a microelectrode feature, an
attempt however failed to electrodeposit PBT on thienylthiolate protected gold
nanoparticles immobilized ITO glass electrode. In general, CE curve of BT on
the modi¯ed electrode by various Au nanoparticles depicts much high monomer
oxidation potential to ca 1.6 V (in respect to 1.05 V on Pt electrode). Upon
the potential sweep, no signal of polymer formation and the CV curve present

















Figure 8.6: PBT preparation by CE in a mixture of 1:1 0.1 M
Bu4NBF4/PhCN and AUSSBT toluene solution, current density: 1 mA
cm¡2.
possibly ¼ - ¼ stacking) of monolayer molecules, which dramatically reduce the
e®ective electrode area and therefore hinder the electrochemical deposition of
PBT to occur.
8.3.3 Properties of Polybithiophenes Incorporated with
Au Nanoparticles
Electrochemistry of PBT incorporated with Au nanoparticles
Figure 8.7 displays the CVs of PBT incorparated with various Au nanoparticles
in a monomer free 0.1 M Bu4NBF4/PhCN solution. All the polymers depict
quasi-reversible elctrochemical reaction with the oxidation potential at 1.15 V
and a broad reduction peak at ca 1.01 V. The redox pair is slightly shifted to
more positive potential in comparison to that without gold nanoparticles. It
is explained that the presence of nanoparticles a®ect the mass transport in the
polymers. The di®erent type of gold nanoparticles also show the e®ect on the
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resulting polymers. The polymer produced on the AU5SBT, as shown in Fig-
ure 8.7D, display a relatively irreversible redox response. As discussed before,
AU5SBT shows two populations of particles. For the AURSBT particles of an
average size of 7.8 nm, polymer incorporated with AURSBT also demonstrates
a slightly less facile p-doping with respect to that of AUSSBT and AU3SBT.
The size and size polydispersity a®ect greatly the properties of nanoelectrodes
and consequently the polymers grown on it. As concluded, small particles with
monodispersity in the size distribution perform better as nanoelectrodes for the
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Figure 8.7: Cyclic Voltammtry of PBT prepared in a mixture of 1:1 0.1 M
Bu4NBF4/PhCN and tolulene solution of (A) AUSSBT, (B) AURSBT, (C)
AU3SBT and (D) AU5SBT on Pt electrode by CV, scan rate: 20 mV S¡1.
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Conductivity of PBT incorporated with Au nanoparticles were measured in their
doped state by Four-Probe method. All the polymers depict similiar conductivity
in the range of 10 to 100 S cm¡1 (Table 8.1), which show no signi¯cant improve-
ment in comparison to doped PBT. It indicates that the conductivity arises from
the polymer itself. The dispersity of Au clusters in the polymer matrix may
not su±cient enough for the electron hopping to accur along the metal atoms.
Nevertheless, the environmental stability of PBT in its doped state is excellent
in comparison to those without gold nanoparticles. The doped polymers incor-
porated with gold nanoparticles show similar conductivity after exposing to the
air for several months while those without gold nanoparticles gradually lose its
conductivity in days.
Optical Properties of PBT Incorporated with Au Nanoparticles
UV-vis spectra of PBT with various gold nanoparticles obtained on ITO glass
electrode are shown in Figure 8.8. All the polymers display similar ¼ - ¼¤ tran-
sition at 451, 481, and 512 nm, which is in consistent with PBT synthesized in
normal electrolytic solution. The well-resolved ¯ne structures at 451 nm and 512
nm are due to the high conjugation system of polymers. The surface plasma band
of gold nanoparticle at ca 520 nm is not observable. The in°uence of di®erent

































Figure 8.8: UV-vis spectra of PBT prepared in a mixture of 1:1 0.1 M
Bu4NBF4/PhCN and gold toluene solution with surfactant (A) SSBT, (B)
RSBT, (C) 3SBT and (D) 5SBT on ITO glass electrode by CE (1 mA cm¡2).
XPS of PBT Incorporated with Au Nanoparticles
Typical XPS spectra of C(1s), S(2p) and Au(4f) in polybithiophene incorpo-
rated with gold nanoparticles are shown in Figure 8.9. C(1s) envelop from PBT-
AUSSBT can be deconvoluted into two environments. The main component with
binding energy at 284.6 eV is ascribed to the contributions from C-C, C=C, C-S
and C-H species. The environments with BE at 286.0 eV and 287.6 eV are con-
tributed from C-O and C=O presumable from aerial oxidation of polymers. S(2p)
core level spectrum for PBT-AUSSBT shows a couple of S(2p)3=2 and S(2p)1=2 at
163.8 and 164.9 with FWHM of 1.3 eV, which arises from the thiophene ring S
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Table 8.1: Properties of PBT incorporated with various gold
nanoparticles.
Polymer CV UV-vis abs. Conductivity
Epa (E) Epc (E) nm (S cm¡1)
PBT-AUSSBT 1.21 1.13,0.77 451,481,512 20
PBT-AURSBT 1.14 1.11,0.80 453,480,517 20
PBT-AU3SBT 1.17 1.08,0.82 452,479,516 30
PBT-AU5SBT 1.18 1.13,0.82 450,477,515 20
species. The environment at 165.4 eV with FWMH of 1.8 eV is associated with
the formation of oxidized sulfur.
Au(4f) spectrum of PBT-AUSSBT was ¯tted to three sets of doublets. The
binding energies of 84.0 and 87.7 eV are assigned to the 4f7=2 and 4f7=2 of Au(0),
whereas the chemical shifts at 86.3 eV (shoulder) and 90.0 eV are due to Au(III).
The binding energies at 84.8 and 88.6 eV are corresponding to Au(I). The quanti¯-
cation of three Au species is shown in Table 8.2. In comparison to pure AUSSBT
nanoparticles, Au tends to be more ionic. The percentage of Au(0) reduces from
ca 70% to 60% and more oxidized Au(III) species appears. It indicates that
during polymerization course, the thienylthiolate monolayer and the surface gold
atoms are involved in the oxidation reaction.
Table 8.2 summarized the Au(4f) spectrum of PBT with various Au nanoparticles.
In general, all the thienylthiolate stabilized Au nanoparticle in the solution are
subject to oxidation during the polymerization. Au species exist as Au(0), Au(I)















Figure 8.9: C(1s), S(2p) and Au(4f) XPS spectra of PBT-AUSSBT.
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Table 8.2: Au(4f) spectra of PBT incorporated with various thienylthiolate
stabilized gold nanoparticles.
Material Au(0) Au(I) Au(III)
BE (eV) area (%) BE (eV) area (%) BE (eV) area (%)
PBT-AU3SBT 84.1 60 84.8 22 86.4 18
PBT-AU5SBT 84.2 61 84.9 21 86.4 17
PBT-AUSSBT 84.0 61 84.8 30 86.3 9
PBT-AURSBT 83.9 58 84.8 22 86.3 20
8.4 Summary
This chapter investigated self-assembly of thienylthiolate stabilized gold nanopar-
ticles on the silanized ITO glass surface. In contrast to self-assembly of aqueous
gold nanoparticles from salt reduction, which a®ords a multilayer coverage and
shows the feature of microelectrode, the self-assembly of thienylthiolate stabi-
lized gold nanoparticles demonstrates a monolayer formation. The immobilized
nanoparticles display a molecular-like redox property. The interaction between
the ligands deactivate the electrode as for the ensuing electrochemical polymer-
ization of bithiophene.
Electrochemical polymerization of bithiophene as with gold nanoparticles in the
solution, however, is successful. The metal particles in the solution di®use to
the electrode surface and act as nanoelectrodes for polymers to grow. Au species
thus incorporated in the polymer matrix exist as Au(0), Au(I) and Au(III). The
polymer dispersed with gold nanoparticles display exceptional environmental sta-
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bility in its doped state, nevertheless, its conductivity seems not been a®ected by
the incorporation of Au clusters.
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Chapter 9
Conclusion and Future Work
9.1 Conclusion
Electrochemical syntheses of polybithiophenes and properties of resulting poly-
mers can be modulated using di®erent electrolytic solution and modi¯ed elec-
trodes.
Polybithiophenes depict facile electrochemical polymerization at lower potential
and result in improved electrochemical, optical and doping properties by the
employment of Lewis acid (BF3¢OEt2) as electrolytic solution.
Thienylthiolate readily form self-assembled monolayer on the polycrystalline gold
electrode. This modi¯ed electrode has shown the selectivity in the ensuing poly-
merization of bithiophene with di®erent substituents. For those with higher
monomer oxidation potential than bithiophene, the monolayer is oxidized to act
as a chemical linker between the electrode and polymer thus grown. For those
with lower monomer oxidation potential, the polymers can be rinsed o® using or-
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ganic solvents. Thienylthiolate also readily form self-assembled monolayer on gold
nanoparticles, which is immobilized onto silanized ITO glass through AU-NH2
bond. Polybithiophene deposited on the modi¯ed gold microelectrodes depict
improved electrochemical and optical properties.
Thienylthiolate compounds are the successful candidates for the stabilization
of gold nanoparticles prepared by Brust method. The resulting nanoparticles
demonstrate a quantized double layer charging feature due to its small core size
and monodispersity in core size. Solvents have an important role in the interaction
with thienylthiolate monolayer and thus the double layer capacitance charging.
Thienylthiolate stabilized gold nanoparticles can act as nanoelectrodes for the
electrochemical polymerization of bithiophene to proceed. Gold nanoparticles
have thus incorporated into the polymer matrix in both their zero state and
oxidized state. The surface atoms take part in the polymerization process. The
polymers with gold cluster dispersed display excellent environmental stability.
9.2 Scope for Future Work
In the light of ¯ndings in this dissertation, future work should be dedicated to:
1) Fundamental understanding of thienylthiolate stabilized Au nanoparticles and
its role as nanoelectrode for conducting polymer syntheses. The understanding
in mechanism and kinetics of particle growth by Brust method is as yet poor un-
derstood. The control over particle size and shape is not deliberately achievable.
The role of solvent in the double layer charing of gold nanoparticles is not even
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taken into theoretical consideration. In this newly emerged research area, there
are a lot of unknowns to be explored.
The thienylthiolate used in this dissertation are with SH group directly attached
to the ¼ electron rich thiophene rings. Those with di®erent length of alkyl spacing
can be applied in studying the electron transfer from organic monolayer to metal
core. And those with oligothiophene structure up to three to six thiophene ring
are of great interest.
2) Understanding and application of self-assembly technique. In this disserta-
tion, the self-assembly of various materials can be readily achieved through the
covalent bonding. And thienylthiolate monolayer is found to be selective to the
polymerization of bithiophenes. Due to its ease in fabrication and variety in appli-
cations, self-assembly technique deserves more attentions. Again, thienylthiolates
with alkyl chain of various length and oligothiophene structure are of research
interest.
3) Application aspects of novel materials of conducting polymer / gold nanopar-






Electrochemical Characterization were performed on an EG&G 273A po-
tentiostat/ galvanostat controlled by EG&G M270 electrochemical software. A
three-electrode-compartment cell was used in the experiments, which comprises a
platinum wire as counter electrode, a platinum disc (geometric area 0.5 cm2) or an
indium tin oxide (ITO) glass electrode (geometric area 0.5 cm2) as working elec-
trode and a Ag/AgNO3 (0.1 mol l¡1 in dried acetonitrile) electrode or saturated
calomel electrode (SCE) as reference electrode. All potentials were corrected with
respect to SCE. Cyclic voltammograms of electrochemically deposited ¯lms were
recorded in monomer free Bu4NBF4/CH3CN or BF3¢OEt2 media in the appro-
priate potential range at di®erent potential scan rates.
UV-Vis spectroscopy data were acquired using a Perkin-Elmer Lambda 900
UV-Vis-NIR spectrometer. Spectra of polymers were recorded as thin ¯lms for-
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mat, which were electrochemically deposited on ITO glass electrode. Spectra of
gold nanoparticles were recorded from diluted Au colloidal solution.
X-ray Photoelectron Spectroscopy (XPS) analyses of various modi¯ed sur-
faces and polymers were performed by means of a VG ESCA / MLAB MKII with
a Mg Ka radiation source (1253.6 eV). For thienylthiolate stabilized Au colloid,
specimen were prepared by drop casting on glass slide surface. The binding en-
ergies were corrected for surface charging by referencing to the designated hydro-
carbon C (1s) binding energy as 284.6 eV. Surface elemental stoichiometries were
obtained from peak area ratios corrected with the appropriate experimentally de-
termined sensitivity factors (Table 10.1). Spectra deconvolutions were carried out
using Gaussian components with the same full widths at half-maximum (FWHM)
for each component in a particular spectrum.
Table 10.1: Sensitivity factors (f) of elements.
Elements f Elements F
Carbon, C(1s) 1.0000 Nitrogen, N(1s) 0.7900
Oxygen, O(1s) 0.5428 Fluorine, F(1s) 0.5217
Sulfur, S(2p) 0.3882 Iodine, I(3d) 0.0980
Chlorine, Cl(2p) 0.3041 Boron, B(1s) 1.7634
Bromine, Br(3d) 0.2400
Transmission Electron Microscopy (TEM). The sample for TEM analy-
sis were prepared by spreading one drop of Au-toluene colloidal solution onto
standard carbon-coated (20-30 nm) Formvar ¯lms on copper grids (200 mesh),
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evaporating the solvent in air. Phase-contrast images of the particles were ob-
tained with a side-entry Phillips CM12 electron microscope operating at 100 kV.
Atomic Force Microscopy (AFM) experiments were performed on a Nanoscope
IIIa SPM from Digital Instruments at a tapping mode. The etched silicon prone
used a nominal tip radius of curvature of 5 - 10 nm, cantilever length of 125 mm.
AFM experiments were carried out on di®erent parts of the surface to ensure that
the observed structure was representative and reproducible.
Field-Emission Scanning Electron Microscopy. A layer of gold ¯lm, ca.
50 nm thick, was evaporated on the samples to introduce conductivity for the
experiments. The micrographs were obtained on a JEOL JSM-T220A scanning
microscope.
Mass and NMR spectroscopy. Mass spectra were obtained using a Micromass
7034E Mass spectrometer under electron impact. 1H NMR and 13C NMR spectra
was recorded on a Bruker ACF300 spectrometer using tetramethylsilane as an
internal reference.
Elemental Analysis was performed on a Perkin-Elmer 240C elemental analyzer
for C, H. S determinations.
DC Conductivity measurements were carried out on a four-point probe with
1 mm spacings. The two outer probes were connected to a Keithley model 228
constant voltage/current source whilst the inner two probes were connected to a
Keithley model 195A digital multimeter for voltage measurement. The polymers
were peeled from ITO glass electrode using Scotch tape. Current (I) is passed
between two adjacent contacts and the voltage drop (V) across the other two is
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Where: ¾ = conductivity (S cm¡1), I = current (A), V = voltage (V), d = sample
thickness (cm)
10.2 Chemicals
Hydrogen tetrachloroaurate (Fluka), sodium borohydride (Aldrich), tetraocty-
lammonium bromide (Fluka), toluene (A.R., J. T Baker), ethanol (abs., J. T.
Baker), !-aminopropyl-triethoylsilane (Fluka), tetrabutylammonium tetra°urob-
orat (Merck) were used as received. Acetonitrile (A.R., J. T. Baker), dichloromethane,
benzonitrile and nitrobenzene were dried with calcium hydride prior to use.
BF3¢Et2 was freshly distilled prior to the experiments. n-Bu4NBF4 was dried
under vacuum at 60±C for 24 hrs.
ITO glass with a resistance of 200 - 300 ­ cm¡1 and gold mirror were purchased
from Island Optics and Bio-Rad Laboratories respectively. De-ioned Water with
a resistance ­ > 18 M­ was obtained with a Millipore Nanopure water system.
10.3 Syntheses
10.3.1 Preparation of Thienyl Thiols
3-mercapto-2, 2'-bithiophene (3SHBT) was synthesized from 3-bromo-2,2'-
bithiophene. To a stirred solution of 3-bromo-2,2'-bithiophene (0.65 g, 0.0020 mol
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in THF) at -50±C under argon was added n-butyllithium (4.7 ml, 0.0021 mol, 1.4
M in hexane). A white suspension 3-lithio-2,2'-bithiophene was formed after a
few minutes. The mixture was left stirring for 30 min, before sulfur powder (0.064
g, 0.0020 mol) was introduced. The reaction continued with stirring at -50±C for
20 min. Thereafter, the white suspension disappeared and a homogenous red so-
lution resulted. The reaction was quenched by careful addition of 0.1 M aqueous
NH4Cl solution (50 ml) followed by 0.1 M NaOH (20 ml). After neutralization
with 0.1 M HCl, the aqueous phase was extracted with ether (3£20 ml). The
combined of ethereal extract was washed with H2O (3£20 ml) and dried with
anhydrous MgSO4 to a®ord crude product after evaporation of the solvent. Pu-
ri¯cation by °ash chromatograph using hexane as eluent a®orded title compound
as a viscous oil with a smelly odor. Yield = 0.26 g (65%). MS: m/z 198 (M+).
HRMS: Calcd for C8H6S3: 197.9633, Found: 197.9636.
1H NMR (300 MHz, ppm,
in CDCl3): 7.34 (dd, 1H, J = 4.8 Hz and 1.18 Hz), 7.31 (dd, 1H, J = 3.9 Hz and
1.16 Hz), 7.14 (d, 1H, J = 5.3 Hz), 7.05 (d, 1H, J = 5.3 Hz), 7.03 (dd, 1H, J =
5.3 Hz and 3.70 Hz), 4.13 (m, 1H). 13C NMR (300 MHz, ppm, in CDCl3): 138.1,
134.9, 132.9, 127.0, 126.6, 126.4, 125.9, 123.2.
5-mercapto-2,2'-bithiophene (5SHBT) was prepared according to the same
procedures for preparation of 3SHBT, using 5-bromo-2,2'-bithiophene as starting
material. 5SHBT was obtained as a colorless liquid with yield of 38 %. MS: m/z
198 (M+). HRMS: Calcd for C8H6S3: 197.9632, Found: 197.9636.
1H NMR (300
MHz, ppm, in CDCl3): 7.27 (dd, 1H, J = 5.11 Hz and 0.92 Hz), 7.22 (dd, 1H,
J = 3.56 Hz and 1.23 Hz), 7.08 (d, 1H, J = 3.69 Hz), 7.07 (d, 1H, J = 3.83),
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7.04 (dd, 1H, J = 5.26 Hz and 3.48 Hz). 13C NMR (300 MHz, ppm, in CDCl3):
144.1, 136.7, 136.1, 134.1, 127.9, 125.3, 124.5, 123.9.
3-hexyl-3'-mercapto-2, 2'-bithiophene (RSHBT) was prepared according
to the same procedures for preparation of 3SBT, using 3-bromo-3'-hexyl-2,2'-
bithiophene as starting material. RSBT was obtained as yellowish solid with
a yield of 30 %. MS: m/z 282 (M+). HRMS: Calcd for C14H18S3: 282.05707,
Found: 282.05729. 1H NMR (300 MHz, ppm, in CDCl3): 7.29 (d, 1H, J = 5.25
Hz), 7.27 (d, 1H, J = 5.67 Hz), 7.10 (d, 1H, J = 5.27 Hz), 6.93 (d, 1H, J = 5.18),
5.29 (m, 1H). 13C NMR (300 MHz, ppm, in CDCl3): 143.0, 134.4, 132.8, 129.3,
128.9, 126.3, 126.0, 125.8.
Dithieno [3,2-c; 2',3'-e] [1,2] dithiin (SSBT). 3,3'-dimercapto-2,2'-bithiophenes
was prepared from the reaction of 3,3'-dibromo-2,2'-bithiophene with n-BuLi and
sulfur powder at -78 ±C according to the procedure for the synthesis of 3SBT.
The mixture was allowed to warm to room temperature and saturated ammonium
chloride solution was added to e®ect hydrolysis. The 3-mercapto-2,2'-bithiophene
was not isolated but was oxidized to disul¯de by passage of air through the reac-
tion mixture. The organic phase was separated, washed with water and dried over
anhydrous magnesium sulfate and ¯ltered. Evaporation of the solvent followed
by recrystallization in ethanol a®orded the title product as red needle crystal.
Yield: 30%. MS: m/z 228 (M+). HRMS: Calcd for C8H4S4: 227.9196, Found:
227.9181. 1H NMR (300 MHz, ppm, in CDCl3): 7.24 (d, 2H, J = 5.30 Hz), 6.96




Electrochemical experiments were performed on an EG&G 273A potentiostat/
galvanostat controlled by EG&G M270 electrochemical software. A three-electrode-
compartment cell comprising a platinum wire as counter electrode, a platinum
disc (geometric area 0.5 cm2) or an indium tin oxide (ITO) glass electrode (geo-
metric area 0.5 cm2) as working electrode and a Ag/AgNO3 (0.1 mol l¡1 in dried
acetonitrile) electrode as reference electrode was used in the experiments. All
potentials were corrected with respect to the saturated calomel electrode (SCE).
Electrochemical polymerization was performed in (i) 0.05 mol l¡1 monomer and
0.1 mol l¡1 Bu4NBF4 in acetonitrile (Bu4NBF4/CH3CN) or (ii) 0.02 mol l¡1
monomer and BF3-diethyl etherate (BF3¢OEt2) media. All solutions were purged
with argon prior to the experiments. The polymers were deposited on working
electrodes by the galvanostatic method using current density of 0.2 to 1.0 mA
cm¡2 or by potentiodynamic method. After polymerization, the polymer ¯lms
were electrochemically dedoped, rinsed in turn with acetonitrile (or ether) and
then acetone before drying in an argon stream.
10.3.3 Preparation of Colloidal Gold Nanoparticles
Preparation of aqueous Au nanoparticles. In a 100 ml RBF equipped with
a condenser, 50 ml of 1 mM HAuCl4 was brought to a rolling boil with vigorous
stirring. Rapid addition of 5 ml of 38.8 mM sodium citrate to the vortex of the
solution in a color change from pale yellow to burgundy. Boiling was continued
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for 10 minutes. The heating mantle was then removed, and stirring was continued
for another additional 15 minutes.
Preparation of thienylthiolates stabilized Au nanoparticles. Thienyl thi-
ols stabilized gold nanoparticles were synthesized according to the Brust method
[148], in which (aqueous) HAuCl4 was phase-transferred into toluene with tetra-
n-octylammonium bromide and reacted there ¯rst with the thienylthiolates and
then with a large excess (20:1 relative to Au) of borohydride reducing agent. All
the reactions were conducted at room temperature. Formation of the thienylthiolate-
stabilized Au nanoparticles was evidenced by an immediate, pronounced dark-
ening of the toluene phase. After 3 hours reacting under continuous rigorous
stirring, the separated toluene phase was dried with a rotary evaporator and the
resulting solid was aged in ethanol under -4±C overnight to remove the unre-
acted thiols. The dark powdery solids were redispersed in toluene, which were
kept in dark. The thienylthiolate-stabilized Au nanoparticles are very stable in
solvent-free form.
10.3.4 Electrode Modi¯cation
Preparation of aromatic thiol modi¯ed Au electrode. Gold mirrors were
cut into a ca. 0.8 £ 1.0 cm area and cleaned before use by rinsing with copious
ethanol and fried under argon. For best results, the gold mirror slides was elec-
trochemically polished before use by cycling between -0.7 V to +1.5 V vs SCE
in 1 M HClO4 ¯ve times. Solution of ca. 1 mM 5-mercapto-2,2'-bithiophene was
prepared in argon saturated ethanol shortly before experiment. The Au mirror
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slide was immersed in the solution for 2 hours, and then rinsed copiously with
absolute ethanol and dried in a stream of argon.
Preparation of silane-modi¯ed ITO glass electrode. ITO glass (0.9£2.5
cm) was cleaned in a Piranha solution comprising 1 part of 30 % H2O2 and 4 parts
of 98 % H2SO4 at 70
±C for 20 minutes. Afterwards, they were rinsed thoroughly
in turn by distilled water, hexane and ethanol before they were put into the 1:4
in volume w-aminopropyl-triethoylsilane and ethanol (anhydrous) mixture for 24
hours (either under inert gas atmosphere or at ambient environment showed no
signi¯cant di®erence). The modi¯ed ITO glass were then carefully and thoroughly
rinsed by ethanol to remove the unanchored moiety before dried by argon stream,
unless immediately used, were stored in the toluene or ethanol.
Preparation of Au nanoparticles modi¯ed ITO glass electrode. By sim-
ply putting the deliberately cleaned ITO glasses, which were premodi¯ed with
!-aminopropyl-triethoylsilane, into the Au colloidal solution for 24 hours, a well-
ordered self-assembled monolayer was obtained. Afterwards, they were amply
rinsed by toluene or de-ioned water according to toluene or aqueous colloid, and
dried under argon stream prior to use.
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